Analysis of Virginia Barrier Island Shoreline Movement and Correlations to Sea Level, Wave Height Changes, and Teleconnection Patterns by Haluska, James Daniel
Old Dominion University
ODU Digital Commons
OEAS Theses and Dissertations Ocean, Earth & Atmospheric Sciences
Summer 2017
Analysis of Virginia Barrier Island Shoreline
Movement and Correlations to Sea Level, Wave
Height Changes, and Teleconnection Patterns
James Daniel Haluska
Old Dominion University
Follow this and additional works at: https://digitalcommons.odu.edu/oeas_etds
Part of the Oceanography Commons
This Dissertation is brought to you for free and open access by the Ocean, Earth & Atmospheric Sciences at ODU Digital Commons. It has been
accepted for inclusion in OEAS Theses and Dissertations by an authorized administrator of ODU Digital Commons. For more information, please
contact digitalcommons@odu.edu.
Recommended Citation
Haluska, James D.. "Analysis of Virginia Barrier Island Shoreline Movement and Correlations to Sea Level, Wave Height Changes, and
Teleconnection Patterns" (2017). Doctor of Philosophy (PhD), dissertation, Ocean/Earth/Atmos Sciences, Old Dominion
University, DOI: 10.25777/664f-3434
https://digitalcommons.odu.edu/oeas_etds/8
 ANALYSIS OF VIRGINIA BARRIER ISLAND SHORELINE MOVEMENT AND 





James Daniel Haluska 
B.A. May 1970, Mount Saint Mary College 




A Dissertation Submitted to the Faculty of 
Old Dominion University in Partial Fulfillment of the  
Requirements for the Degree of 
 










John Klinck (Director) 
 
Tal Ezer (Member) 
 
Richard Whittecar (Member) 
 





ANALYSIS OF VIRGINIA BARRIER ISLAND SHORELINE MOVEMENT AND 
CORRELATIONS TO SEA LEVEL, WAVE HEIGHT CHANGES, AND 
TELECONNECTION PATTERNS 
 
James Daniel Haluska 
Old Dominion University, 2017 
Director: Dr. John Klinck 
 
 
The Virginia barrier islands stretch from Assateague Island in the north to Fisherman’s 
Island in the south.  This string of islands is subject to frequent North Atlantic extra-tropical 
storm and hurricane influence.  In addition, sea level rise has the potential to cause continued 
shoreline loss and inlet widening for this island group.  This dissertation describes the effect of 
sea level rise, changes in wave height, and teleconnection pattern (AO, NAO, and MEI) 
correlations to shoreline location changes to the islands and inlet location and width changes.  
Locations of island shorelines were determined from satellite and aircraft images using ArcGIS 
software and the USGS Digital Shoreline Analysis System (DSAS).  Geographically registered 
images were digitized, and multiple transect locations on each island were measured from a 
common offshore baseline using DSAS.  The resulting distances along with the remote sensing 
image dates were used to construct time series of shoreline location for each island.  Data 
frequency was controlled by image availability, and ranged from weekly to semi-monthly.  
Approximately 250 shorelines per island from 1990 to 2014 were digitized.  The results were 
then interpolated to give a monthly shoreline location for each transect.  The combined 
observations were analyzed by empirical orthogonal function (EOF) and wavelet analysis.  The 
analysis shows that the barrier islands are moving to the south as well as becoming narrower.  As 
a group, the shoreline movement is primarily correlated with sea level change (r2 = 0.41).  The 
islands also respond to storms and other episodic events.  The response can be resilient or 
catastrophic depending on the extent of shoreline loss which precedes the event.  If the island 
shoreline has narrowed to a width that cannot withstand wave and high water level induced loss, 
the island and associated shoreline is permanently lost.  The rate of shoreline loss returns to the 
pre-storm rate within several weeks after the events unless island shore is permanently lost 
during the event.  Increased losses of island length were concentrated in years 2004-2005 and 
 2009-2010.  Wavelet analysis confirmed and explained the EOF results by showing the presence 
of shoreline change cycles which become more intense at times of shoreline loss.  A large 
reversal of shoreline loss was caused by the placement of 3.5 million m3 of sand on the south end 
of Wallops Island in 2012 and the attachment of a large offshore shoal to the north end of the 
same island.  Wreck and Ship Shoal Islands have had a net shoreline gain over the study period 
but with continued southward migration. 
There are ten inlets between the Virginia Barrier islands.  Five of these had width 
increases of more than 100% during the study period.  Two of the five widened by more than 
200%.  As the barrier islands have become shorter, the inlets have become wider.  Due to the 
episodic nature of the loss of some islands, the inlet width gains have also been episodic.  The 
statistical correlation of sea level variability with inlet width change has a coefficient of 
determination (r2) of 0.77.  The extent of this correlation is very large and may be due to a 
combination of sea level effects on both the islands and inlets.  Inlet width change between 1999 
and 2014 was analyzed by EOF and wavelet analysis.  EOF analysis of all inlets indicates in 
addition to general widening, substantial inlet changes generally occur during high water level 
and high wave events associated with passing hurricanes and tropical storms. 
Ocean shoreline and inlet trends are for continued shoreline loss for most islands, island 
migration southward, and inlet widening.  The findings of this study can be directly applied to 
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Ribbons of Sand 
Through the centuries, people, plants, and animals have come and gone 
on the barrier islands. 
Storms and waves have battered and shaped these islands. 
The shores have waxed and waned as the islands change to survive, 
in a dance that started when they were formed, 
and will end when they disappear. 
Now the forces controlling this dance are changing. 
Seas rise faster, storms are stronger, and waves reach higher. 
The fine balance of their existence is being altered 
by forces shaped half a world away. 
Forces that will cause these ephemeral ribbons to quietly disappear. 
The lands they protect will be forced to adapt. 
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group of islands stretching from Assateague Island in the north, at the Maryland-Virginia border 
to Fisherman Island in the south at the mouth of the Chesapeake Bay.  Eleven islands of this 
group are barrier islands which are located entirely in Virginia.  These barrier islands (Figure 2) 
are an important component of the Virginia part of the Delmarva Peninsula ecosystem.  The 
protection these islands afford to the wetlands and embayments to the west from storms and high 
waves is essential to the continued sustainability of these areas.  In addition, the islands  
 
Figure 1. Virginia barrier islands included in this 














themselves provide essential habitat for threatened and endangered bird species along this extent 
of the Atlantic coast.  Except for Wallops Island, the islands are the only remaining large system 
of uninhabited barrier islands on the East Coast of the US.  Accordingly, the resulting general 
lack of significant alteration, with Wallops Island as a comparison due to the anthropogenic 
alteration of its shoreline, is an opportunity to study the effects of environmental factors such as 
wave variability and sea level fluctuations on the island shores.  The detailed dimensional and 
location changes of the ten Delmarva peninsula inlets included in this research (Figure 3) allows 
the description of inlet change, rate of change, and the extrapolation of inlet width and location 
over the next several years.  The extent of changes to the inlets can assist in the determination of 
the effect of inlet width changes on the embayments and wetland areas to the west of the barrier 
islands.  After the extent to which LANDSAT images can be used to determine shoreline 
location and inlet width, the extent of the net effect sea level, wave height, and wave direction 
 
Figure 2. Delmarva Peninsula location in the Mid-







and environmental events associated with the Arctic Oscillation (AO), North Atlantic Oscillation 
(NAO), and the Multivariate ENSO Index (MEI) change to the Atlantic Ocean shoreline of these  
 
 
islands.  Correlation analysis will show if they are associated with shoreline and inlet change and 
the extent of this correlation if present. 
A general description of the effect of sea level rise on coastal zones makes the case for local 
studies to assess possible effects of this rise [Nicholls and Cazenave, 2010].  A relationship 
between sea level rise and sandy beach erosion has been shown [Leatherman et al., 2000].  On 
average, they found that the shoreline change rate is 150 times the sea level rise rate using data 
from five coastal areas along the US east coast.  Higher sea levels, increased temperatures, and 
 
Figure 3. Virginia barrier island inlets included in 




increased stream flows in the mid-Atlantic Bight region were detailed by Najjar et al., [2000].  
Loss of land and wetlands as well as more frequent 100 year average coastal floods are 
projected.  Nichols and Cazenave [2010] described the effect of sea level rise on the coastal zone 
world-wide and the uncertainties associated with estimating the extent of these effects.  Zhang et 
al., [2004] discussed the effect of eustatic sea level rise and concludes that while sea level rise 
itself does not cause shoreline loss, the net effect of the sea level rise is to make the shoreline 
more vulnerable to loss from wave action.  Rates of island change depend on the prediction of 
potential causative environmental factors such as sea level rise.  Boon et al. [2012] predicts a sea 
level rise of 0.62 m by 2050 partially due to an accelerated rate of sea level rise.  This 
accelerated trend started in 1987.  Additional studies support accelerated sea level rise along the 
Chesapeake Bay and Mid-Atlantic coasts [Ezer and Atkinson, 2014; Ezer, 2013; Ezer and 
Corlett, 2012].  If this trend holds, the life of these islands may be shorter due to an increasing 
rate of sea level rise. 
The time interval between shoreline locations is an important variable.  Shorter temporal spacing 
of shoreline location points is necessary for time series analysis of the type intended in this 
research.  Recent studies at several locations worldwide illustrate the use of the DSAS ArcGIS 
extension to study shoreline locations and this longer temporal spacing issue.  A study of erosion 
processes on a Brazilian beach [Albuquerque et al., 2013] used satellite images over a nine-year 
period.  The temporal spacing used was several years between images.  For an island shoreline in 
Tunisia [Bouchahma and Yan, 2012] eight LANDSAT 5 images with multiyear spacing were 
used.  Cenci et al. [2013], used seven satellite images for a study interval from 1984 to 2011.  
Other studies [Harris et al., 2009; Kuleli et al., 2010; Sheik, 2011; and Thao, 2008] show the 
same use of aerial and satellite images with annual or multi-year intervals.   
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Inlet width change is a secondary objective of this research.  Inlets migrate at rates of a few to 
several tens of meters per year depending on sediment transport and depth of the inlet [Hayes, 
1980].  Tidal inlet migration and subsequent closure was modeled [Tung et al., 2009].  Five 
scenarios of the inlet model were done and found that either the inlet was stable or became 
unstable and eventually closed.  Wave action from storm activity appears to have caused the 
formation of a breach inlet in La Coubre Sandspit in La Gironde Estuary in France [Eric et al., 
2014].  The breach did not close after its formation in 2002 to the end of data collection in 2014.  
A model of a tidal inlet delta in the North Sea and the response of the Otzumer Balje inlet 
[Herrling and Winter, 2009] described the difference expected between fair weather and storm 
conditions.  While not an objective of the model, stronger sediment movement on the down drift 
Spiekeroog Island tends to occur during storm conditions.  The difficulty of predicting inlet 
behavior for inlets in North Carolina is discussed by Riggs et al. [2011].  Inlet dynamics modeled 
in a recent study shows that inlet migration is caused by updrift inlet bank and sediment loss to 
the downdrift bank [Nienhaus and Ashton, 2015].  The same model showed loss to the downdrift 
bank by tidal ebb flow cutting.  An adequate source of sediment was seen as necessary to 
stabilize a barrier island and associated inlet [Simms et al., 2006]. 
The following section provides more detail on the islands and inlets included in this study, 
improvements over previous studies of the islands and inlets, and research questions and 




CHAPTER 2  
BACKGROUND 
This chapter gives a general background to the origin of barrier islands as well as the possible 
mechanisms for the formation of these islands.  Each island is described.  The inlets between the 
islands are briefly described.  The chapter concludes with a discussion of improvements 
anticipated from the study, research questions to be addressed, and the application of study 
results. 
Barrier islands are wave-built accumulations of sediment that accrete vertically due to wave 
action and wind processes.  Barriers are linear features that tend to parallel the coast and 
generally occur in groups or chains.  Most barrier islands are less than 6500 years old and most 
are younger than 4000 years old [Davis and Fitzgerald, 2009].  Barrier islands movement is 
classified as prograding, retrograding, or aggrading.  Prograding barrier islands are building in 
the seaward direction, retrograding barrier islands are losing shoreline width, and aggrading 
barrier islands are not moving.  The formation of barrier islands has been explained by several 
theories, but are generally grouped into three major divisions.  These are, the offshore bar theory, 
spit accretion, and submergence [Davis and Fitzgerald, 2009]. 
Two possible formation processes for the Virginia barrier islands have been described [McBride 
at al., 2015].  Formation hypothesis 1 is that the islands were initially formed during the 
Wisconsin regression 21,000 years ago, following the glacial era’s maximum.  Formation 
hypothesis 2 is that the Assateague spit migrated north and the islands separated from the spit 
and formed south to north starting 5,000 years ago.  Assateague Island was much longer and 
extended to the south to the mouth of the present-day Chesapeake Bay. 
7 
 
The scope of morphology for the Virginia barrier islands is varied.  The islands have been 
classified into three groups based on their shoreline movement and change [Leatherman et al., 
1982].  The northern group of islands (Wallops, Assawoman, Metompkin and Cedar Islands) are 
sand starved elongated and narrow islands with parallel beach retreat.  The second group 
(Parramore, Hog, Cobb, and Wreck Islands) are rotationally unstable.  Rotational instability is 
the appearance of island rotation caused by one part of the island retreating faster than another 
part.  The third group (Ship Shoal, Myrtle, and Smith Islands) exhibits non-parallel beach retreat.  
The Virginia barrier islands have been classified as wave dominated [Oertel and Kraft, 1994].  In 
this case, sand movement by wave action is the primary building force for these islands.  In a 
later description, the formation of the Virginia barrier islands [McBride et al., 2015] is due to 
processes related to Holocene sea level rise rates. 
The movement of sediment near the barrier islands has been explained as being generally north 
to south [Oertel, 2012; Fenster et al., 2015] although model results indicate that Wallops Island 
exhibits south to north sediment movement from approximately the southern end of the island 
toward Chincoteague Inlet to the north [King et al., 2011]. 
PREVIOUS STUDIES 
The effect of water level change from storm activity was described for barrier islands [Sallenger, 
2000].  He identified four levels of effect ranging from 1) swash, the lowest level of effect, 2) 
collision, where wave runup exceeds the threshold of the foredune ridge, 3) overwash, where the 
water level overtops the berm or foredune ridge, and 4) inundation, which is the highest level of 
effect where the island is completely submerged. 
Changing storm patterns may have a greater effect on shoreline loss than sea level rise [Slott et 
al., 2006].  Their numerical model of coastline change indicates that shoreline responses to 
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climate change can be highly variable.  Frequency of storm activity along the East Coast of the 
US [Zhang et al., 2000] and the effects of this storm activity [Zhang et al., 2002] have also been 
reported.  While extratropical storms have decreased over the past 50 to 100 years, there is an 
increase in the frequency of very powerful storms. 
Sea level anomalies have been shown to exacerbate shoreline erosion [Theuerkauf et al., 2014].  
These sea level anomalies amplify the erosive effects of accelerated sea level rise.  In addition, 
changes in storminess associated with global climate change also accelerate shoreline erosion. 
INDIVIDUAL ISLAND DESCRIPTIONS 
Significant features which impact the shoreline movement of a particular island are described.  
Primary controls on the morphodynamics of the Virginia barrier islands include wave sheltering 
on Wallops Island by the southern end of Assateague Island, sediment sinks associated with a 
large recurved spit complex and tidal inlets, sea level change, tidal inlets, and storms.  
WALLOPS ISLAND 
Wallops Island (Figure 4) is the northernmost island in the study area and currently has the 
largest human presence of any of the islands.  Wallops Island was a vacation destination in the 
early 1900s, with permanent vacation cottages [Barnes and Truitt, 1997].  The northern end of 
the island is Hummock Point which is located inside Chincoteague Inlet.  Approximately two 
kilometers south, the island turns southwest in a gradual curve for almost three kilometers.  At 
this point the shoreline turns south southwest in a nearly straight line for six kilometers.  Along 
this section of the island are a number of test and evaluation facilities and rocket launch sites.  
This section also has had shoreline stabilization structures of various type installed since the mid-
1940s [Morang et al., 2006].  The island width along the southern half of the island was 
increased by a beach nourishment project carried out from late 2011 to 2013 [Morang et al., 
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2006].  The island has been classified as a relatively high relief (> 6m) drumstick shaped island 
[McBride et al., 2015]. 
The southern end of Wallops Island and the beginning of Assawoman Island is delineated by the 
former site of Assawoman Inlet.  Assawoman Inlet has been closed since the beginning of island 
image collection from January 1990 as determined from the first LANDSAT 5 image collected 
for this research.  Prior to an extensive beach nourishment and seawall extension project from 
2011 to 2013, the southern 3.5 km of Wallops Island has been retreating at approximately 8.5 
m/y.  The northern 2.5 km of Wallops Island has advanced 6.7 m/y [McBride et al., 2015]. 
ASSAWOMAN ISLAND 
Assawoman Island (Figure 5) is essentially a continuation of Wallops Island beginning at the 
former site of Assawoman Inlet and ending at Gargathy Inlet.  The ocean shoreline has a slight 
Assawoman Inlet site 
 
Figure 4. Wallops Island from a LANDSAT 7 





curve to the east from north to south as it proceeds toward the south southwest.  The island has 
been classified as a low relief (<2m), wash-over dominated barrier island [McBride et al., 2015] 
METOMPKIN ISLAND 
Metompkin Island (Figure 6) begins on the southern side of Gargathy inlet, and continues 10.1 
kilometers south southwest to Metompkin Inlet. The ocean shoreline has a slight curve to the east 
from north to south as it proceeds toward the south southwest.  At about halfway from the 
northern end, the island turns slightly more southerly and nearly straight for 4.3 kilometers to the 
island’s southern end.  The shoreline is clear of structures and has little history of shore 
construction except for a lifesaving station at Metompkin Inlet [Barnes and Truitt, 1997].  A now 
closed inlet was 5.2 kilometers from the north end of the island and was responsible for the 




Figure 5. Assawoman Island from 




CEDAR ISLAND  
Starting at the south side of Metompkin Inlet, Cedar Island continues 11.2 kilometers south 
southwest to Wachapreague Inlet (Figure 7).  The shoreline is currently clear of structures 
although near shore houses have been built and inhabited for several years at various times in 
recent history.  Several now closed inlets were located at 1.9 and 6.7 kilometers from the north 
end of the island.  The location and status of these inlets was determined from imagery collected 
for this study.  The southern tip of the island is an approximately one-kilometer-long low 
sandbar.  The island has been classified as a low relief (<2m), wash over dominated transgressive 
barrier island [McBride et al., 2015].  Cedar Island is rapidly retreating over the saltmarsh west 
of the island or shallow water bays through landward rollover.  Evidence of this landward 




Figure 6. Metompkin Island from a LANDSAT 7 
image taken 18 November 2014. 
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mats, extensive wash over deposits and features, and a lack of dunes.  Cedar Island’s ocean 
shoreline experienced a retreat rate of 5.5 m/y from 1852 to 2007 [Nebel, 2009].  This rate 
increased to 15.4 m/y between 2007 and 2010 [McBride et al. 2015].  The latter rate is one of the 
highest retreat rates along the U.S. Atlantic coast. [McBride et al. 2015].  Cedar Island has 
transitioned from narrowing to rapid barrier rollover through overwash and inlet processes 
[Richardson, 2012].  Short term or ephemeral inlets have opened along the southern portion of 
Cedar Island [McBride et al., 2015].  The breaches remained open for four to nine years. 
PARRAMORE ISLAND 
Starting at the south side of Wachapreague Inlet, Parramore Island continues 12.3 kilometers 
south southwest to Quinby Inlet (Figure 8).  Island beach width ranged from100 meters to 300 




Figure 7. Cedar Island from a LANDSAT 7 
image taken 18 November 2014. 
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lifesaving station on the eastern shoreline which has been lost to beach erosion.  The island has 
been classified as a relatively high relief (> 6m) drumstick shaped island [McBride et al., 2015].  
The non-inlet influenced ocean shoreline of Parramore Island experienced a 4.1 m/y retreat from 
1852 to 1998, and a 12.2 m/y retreat rate from 1998 to 2010 [McBride et al., 2015].  The 
clockwise rotation documented by Leatherman [1982] has become a rapid retreat of the island’s 
ocean shoreline of the island [Richardson, 2012].   
HOG ISLAND 
Starting at the south side of Quinby Inlet, Hog Island (Figure 9) continues 12.2 kilometers south 
southwest to Great Machipongo Inlet.  Island beach width varied from100 meters to 300 meters 
Quinby Inlet 
 
Figure 8. Parramore Island from a LANDSAT 7 





as of December 2014.  Hog Island was the site of a lighthouse in 1864 [Barnes and Truitt, 1997], 
which no longer exists.  The shoreline is currently clear of structures.   
 
COBB ISLAND 
Starting at the south side of Great Machipongo Inlet, Cobb Island (Figure 10) continues 6.8 
kilometers south southwest to Sand Shoal Inlet.  Island beach width varied from100 meters to 
300 meters as of December 2014.  Cobb Island was the site of a well-known hotel up until 1896.  
The hotel was destroyed by a hurricane on October 11, 1896 [Barnes and Truitt, 1997].  The 
shoreline is currently clear of structures.  Discontinuous wetland areas are located to the west of 
the ocean shoreline.  The south end of the island has a shoreline area with no wetlands to the 
west.  This sand spit is approximately 3.5 km long and is the north end of Ship Shoal Inlet. 
Quinby Inlet
Great Machiponogo InletGreat achipongo Inlet
 
Figure 9. Hog Island from a LANDSAT 7 image taken 




Starting at the south side of Sand Shoal Inlet, Wreck Island continues 5.0 kilometers south 
southwest to New Inlet (Figure 11).   Island beach width varied from100 meters to 300 meters as 
of December 2014.  The shoreline is currently clear of structures.  A continuous wetland area 
forms the west shore of the island except for the southern end where an approximately 1.5 km 
long sand spit has formed.  This spit is the northern end of New Inlet. 
SHIP SHOAL ISLAND 
Starting at the south side of New Inlet, Ship Shoal Island continues 2.9 kilometers south 
southwest to Ship Shoal Inlet (Figure 12).  Ship Shoal Island is the smallest of the Virginia 
barrier islands.  Island beach width varied from 100 meters to 300 meters as of December 2014.  




Figure 10. Cobb Island from a LANDSAT 7 image 







Figure 12. Ship Shoal Island from a LANDSAT 7 image 




Figure 11. Wreck Island from a LANDSAT 7 image taken 




Starting at the south side of Ship Shoal Inlet, Myrtle Island continues 3.1 kilometers south 
southwest to Little Inlet (Figure 13).  While slightly longer than Ship Shoal Island, Myrtle Island 
is the second member of the smallest island pairing for the eleven barrier islands.  Island beach 
width varied from100 meters to 300 meters as of December 2014.  The shoreline is currently 
clear of structures. 
 
SMITH ISLAND 
Starting at the south side of Little Inlet, Smith Island continues 11.1 kilometers south southwest 
to Smith Island Inlet (Figure 14).  Island beach width varied from100 meters to 300 meters as of 




Figure 13. Myrtle Island from a LANDSAT 7 image 




located near the southern end of the island near the west shore.  Several now closed inlets were 
located at 1.9 and 6.7 kilometers from the north end of the island. 
INLETS 
A tidal inlet is the area between two barriers or between a barrier and adjacent bedrock or a 
glacial headland [Davis and Fitzgerald, 2009].  In the case of the inlets along the Virginia barrier 
islands, the two barriers which define the inlets, are the barrier islands [Hayes, 1979].  A tidal 
inlet is also a conduit for the movement of sediment in both directions [Davis and Fitzgerald, 
2009; Oertel, 1988].  The volume of water that flows through the inlet in both directions and the 
sediment available for transport through the inlets determines the characteristics of the inlet 
 
Figure 14. Smith Island from a LANDSAT 7 image 
taken 18 November 2014.   
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[Davis and Fitzgerald, 2009].  Changes to inlet currents and sediment availability have caused 
significant change to these inlets [Hayes, 1979; Hayes, 1980].  The factors causing inlet change 
are sea level rise and wave height, but changes in wave direction may be more important [Duong 
et al., 2012]. 
There are nine major inlets between the barrier islands.  The inlets from the northernmost to the 
southernmost are Gargathy, Metompkin, Wachapreague, Quinby, Great Machipongo, Sand 
Shoal, New, Little, and Ship Shoal.  These inlets have had width changes over the 15-year inlet 
study period.  The 1999 to 2014 study period was chosen due to the extent of change during this 
period versus the 24-year study period used for the island shorelines. 
IMPROVEMENT ANTICIPATED FROM THIS STUDY 
For both inlet width and island shoreline movement, the most apparent missing information are 
frequent and long-term measurements of change to these features.  Long term studies generally 
consist of maps, aerial photos, or higher resolution satellite images.  Ground surveys on a 
monthly or bi-monthly basis over a period of years cannot be found in the literature.  Map data 
for shoreline location reflects average location over the time the map survey was done.  Using 
time averaged data limits the value of shoreline location and inlet changes in that shorter-term 
variations are removed during the map making process and replaced with an estimate of the 
shore or inlet location minus wave and water height variability.  This averaging of sea level and 
wave height precludes any comparison to shorter frequency changes.   
Inlet change studies normally involve one inlet and do not look at inlets as a group.  One inlet 
studies are very complex and involve locations of inflow and outflow channels and sandbars and 
shoals associated with the specific inlet.  Performing a study of this complexity on multiple inlets 
monthly would be very difficult.  The approach used for inlet change is to study common effects 
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to all inlets without the major logistical effort that would be required for ground based frequent 
measurements. 
RESEARCH QUESTIONS 
Quantifying the short-term movement of the island shorelines, the islands, and associated inlets 
over the study period is an objective of this study.  The primary research question addressed is 
can the LANDSAT 5, 7, and 8 images be used to provide data in sufficient detail to estimate the 
shoreline location and allow the calculation of time series of shoreline location on the eleven 
barrier islands?  A similar analysis can be used to determine changes in inlet width and location 
over time.  If the shoreline change can be determined with sufficient accuracy and precision, then 
what is the relation of shoreline change to wave and sea level height change as well as the cross 
correlation of these environmental factors to teleconnection indices such as the Arctic oscillation 
(AO), the North Atlantic oscillation (NAO), and the multi-variate ENSO index (MEI)?   
Shoreline image analysis was done with images taken annually or at longer intervals.  Acquiring 
images with several weeks to several months spacing over a period of 24 years allows the 
calculation of detailed shoreline location time series.  The current work is intended to show that 
closer temporal spacing of images can provide sufficient data to construct a detailed time series 
of shoreline location.  For this research, spacing of images over weeks to months allows the 
calculation of shoreline location time series.  The short-term shoreline location time series allows 
the determination of shoreline movement by short-term causative events.  Construction of a 
useful time series cannot be done with multi-year spaced shoreline data due to the long intervals 
between data points. 
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The correlation of environmental indices can be used to estimate future shoreline changes since 
these indices can be estimated over weeks or months.  The effect of these factors on individual 
islands as well as the eleven islands as a connected system is the intent of this research.  
 
APPLICATION OF RESULTS  
The major application of this work is to provide an inexpensive and rapid method to allow the 
detailed assessment of shoreline changes that cannot be provided by much less frequent but 
admittedly more detailed and expensive shoreline location obtained by shoreline surveys.  
Correlation of significant shoreline change with the several teleconnection indices would allow 
engineers and environmental planners to anticipate major shoreline erosion events.  In addition, 
knowing when shoreline loss events are less likely to occur would assist in scheduling shoreline 
enhancement or stabilization actions. 
The fate of these islands has important ramifications for the ecology of the Delmarva Peninsula 
and the Mid-Atlantic coast.  The loss of the islands would mean the direct loss of important 
habitat currently provided by the islands themselves.  In addition, loss of the protection these 
islands afford to the wetlands and lagoons to the west would also cause substantial loss to 
important habitat.  This loss of barrier islands and the deterioration of habitat formerly protected 
by barrier islands has been seen elsewhere [Smith, 2009; McBride et al., 1997]. 
Techniques developed during this research can also be employed to determine not only shoreline 
changes at other locations, but for any linear features (such as ice sheet edges) which have 
changes that exceed the minimum linear resolution of this method.  Possible locations include 





DATA AND METHODS 
The collection of LANDSAT imagery and US Department of Agriculture Farm Service 
Administration aerial images were an important part of this study.  The resolution of these 
images was an important factor in determining the level of shoreline and inlet change that could 
be seen by the techniques used.  The shoreline location and inlet width measurements and the 
analysis of these measurements are also presented in this chapter. 
DATA 
This study uses frequent satellite imagery, supplemented with higher resolution aerial 
photography to compile a 24-year long time series of the ocean facing shoreline location for 
eleven Virginia Barrier islands.  The images used for this research span from 9 January 1990 to 
13 December 2014.  The number of images acquired over the study period varied from island to 
island and ranged from 241 to 258.  The number varied principally due to the extent of cloud 
cover in an image.  The time interval between each image varies over the study period, from 
weekly coverage in the last several years of the study to several months for the years 2004 and 
2005. 
SATELLITE AND AIRCRAFT IMAGERY 
Images were acquired from two sources.  LANDSAT 5, 7, and 8 images were obtained from 
USGS EarthExplorer (http://earthexplorer.usgs.gov/) and USDA NAIP aerial images were 
obtained from https://gdg.sc.egov.usda.gov/.  Spatial and linear resolution of these images are 
discussed in the following section.  All images were registered to the NAD 83 datum using 
ArcGIS 10.1.  The NAD 83 datum is a geographical coordinate system.  The registration process 
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consists of importing the image into ArcGIS and aligning it to the selected geographical 
coordinate system.  This registration is done by the software, and was automatic.   
IMAGE ACCURACY AND PRECISION 
Prior to measuring shoreline location and determining the extent of change that can be attributed 
to these changes, both the accuracy and precision of these measurements needs to be determined.  
Remote sensing images have two major spatial quality issues.  The first is the accuracy to which 
images can be registered to the coordinate system being used.  This is registration error.  The 
second is the precision of determining the location of the shoreline.  This is linear resolution.  
Registration error analysis is a measurement of the differences in image registration from image 
to image.  The location of a very bright metal roof on a storage building at the north end of 
Wallops Island was used to determine this error.  The building location was determined for five 
each LANDSAT 5, 7 and 8 satellite images.  Table 1 is a listing of the building location 
differences from image to image in meters.  The location error range was measured both north to 
south (NS) and east to west (EW) directions.  The differences were then averaged.  For 
LANDSAT 5 images, the range of maximum building location is 4.4 m EW and 4.3 m NS.  For 
LANDSAT 7 images, the range of maximum building location is 5.2 m EW and 5.0 m NS.  For 
LANDSAT 8 images, the range of maximum building location is 2.6 m EW and 5.0 m NS.  Prior 
to 1999, only LANDSAT 5 images were available to determine island shorelines.  The 
panchromatic (or black and white) band of these satellite images has a stated spatial resolution of 
30 meters per pixel.  To determine the linear resolution for these images, the location of the 
Wallops Island seawall at Wallops Island transect 10 was used as a fixed location to determine 
digitizing error.  The time interval 1/9/1990 to 3/12/1995 was chosen due to the lack of large 
variability in location measurements in the interval.  The average shoreline location value was 
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subtracted from all values.  The range of values was +20.5 meters to -21.7 meters.  The standard 
deviation was 10.2 meters (Figure 15). 
Imagery collected after 1999 consists of predominantly LANDSAT 7 (launched in April 1999) 
and LANDSAT 8 (launched in February 2013) images.  The panchromatic band for both 
satellites has a stated spatial resolution of 15 meters per pixel.  To determine the linear resolution 
for these images, the location of the Wallops Island seawall at Wallops Island transect 10 (Figure 
Table 1. North/South and East/West registration error 




16) was used as a fixed location to determine digitizing error.  The time interval 22 April 2007 to 
26 October 2011 was chosen due to the lack of extreme location measurements during the 
interval.  The average shoreline location value was subtracted from all values.  The range of 




Figure 15. Residuals from repeated digitizing of the Wallops 
Island seawall at transect 10 from 9 January 1990 to 12 March 
1995 (LANDSAT 5). 
 
Figure 16. Residuals from repeated digitizing of the Wallops Island 
seawall at transect 10 from 22 April 2007 to 26 October 2011 




SHORELINE LOCATION MEASUREMENT AND ANALYSIS 
Each island shoreline over the 24-year study was digitized using ArcGIS and resulted in the map 
shown in Figure 17, included as an example.  One of these maps was generated for each of the 
eleven islands.  The digitizing process consisted of electronically tracing the wave runup on each 
island using the ArcGIS digitizing feature.  The result was a line along the shore which followed 
the maximum extent of wave runup for the image date and time.  Extraction of shoreline location 
was calculated from these lines using the USGS digital shoreline analysis system (DSAS version 
4.3.was used for this study) [Thieler et al. 2009], an extension to ArcGIS.  The software 
determines changes in digitized shoreline locations over time and calculates net change, rates, 
and distances.  For each island, an offshore baseline or set of baselines were drawn and DSAS 
calculated transects normal to the baseline and toward the islands.  The length of transects ranged 
 
Figure 17. Wallops Island with digitized 
shorelines, baselines, and transects. 
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from 1000 to 1500 meters and were spaced every 300 meters along the baseline.  Transects are 
numbered from south to north starting a 1 for the first transect and proceeding to the last transect 
located at the farthest northern extent of the island.  Where the digitized shoreline crosses a 
transect line, DSAS calculated the distance from the baseline to the crossing point along with the 
date.  DSAS also calculates other statistics including a linear regression rate for shoreline 
movement (LRR), and the net change of the shoreline for the length of the time series (SCE).  
For the LRR, the regression line calculation at a confidence interval of 99.7 percent was used.  
This confidence interval was chosen to allow easier plotting of the result since lower confidence 
intervals would overlay the data plot and be difficult to resolve from the linear regression line.  
The SCE is the distance between the shoreline farthest from and closest to the baseline for an 
individual transect.  The result is the absolute distance in shoreline movement regardless of the 
shoreline dates.  These are calculated for each transect on each island. 
After the shoreline location for the eleven islands was calculated from the GIS data, a combined 
data matrix was compiled, which was made by concatenating the island by island shoreline 
location into a single data set from Smith Island to Wallops Island (Table 2).  The resulting 338 
by 299 matrix was analyzed using empirical orthogonal function analysis (EOF) and wavelets 
(described later).  These analytical methods were chosen because they are designed to extract 
trends from time series which have a spatial component.  In this case, the time series is the date 
of each shoreline location, and the spatial component is the location of the transect.  Removing 
trends from the data removes the effects of sea level and wave height from the shoreline location 





ISLAND LENGTH MEASUREMENT  
Island length was determined by measuring the straight-line distance from the northernmost 
shoreline of the island to the southernmost shoreline of the island.  In the case where the 
shoreline curved to the west, the northern or southernmost point of the shore was used as the 
measurement point.  Several measurements per year were made to provide a more robust 
statistical sample and improve graphical presentations.  The total island length change from 1990 
to 2014 was used to determine both the extent of the change and if there is a pattern among the 
eleven islands that can be explained by correlations to sea level change, wave height change, 
AO, NAO, and MEI variability. 
INLET MEASUREMENT AND ANALYSIS 
Measurements of the width of each inlet was from northern fast land to southern fast land using 
the measurement feature of ArcGIS 10.1.  Sandbars and other detached areas of land within the 
Table 2. Island transect ranges included in the 
combined EOF and wavelet data file. 
 
Island Transects - Combined EOF File 















inlet were excluded from the width measurement.  In some cases, due to island movement, the 
location of the inlet shifted.  The shortest dimension at the new inlet location was measured in all 
cases. 
The inlet width data was combined into one table.  The resulting table was evaluated both with 
and without removing the trend from the dataset.  Both the original and detrended datasets were 
then analyzed using empirical orthogonal function (EOF) analysis.   
COMPILATION AND ANALYSIS OF TIME SERIES 
The use of GIS and mapping techniques to determine shoreline characteristics has been used 
extensively [Allen et al., 2012; Nebel, 2009; Nebel et al., 2012; Seminick et al., 2010].  To 
construct a time series of shore location for each island transect, the shortest distance from the 
DSAS baseline to the closest digitized shoreline was subtracted from all values along that 
transect.  Positive distance indicates that the shoreline is moving westward and away from the 
baseline and toward the Delmarva Peninsula mainland.  To combine transect location data from 
all islands, the same number of locations in each transect was needed.  This was accomplished by 
a linear interpolation of each transect to a common monthly set of dates. 
Inlet width results were handled in a similar manner.  Results for each inlet were measured at 
identical dates and the resulting individual inlet data sets were combined into a single matrix for 
EOF analysis and wavelet analysis of the principal components resulting from the EOF analysis.  
These two techniques were chosen to determine data commonalities for both the shoreline 
movement and inlet change data.   
EMPIRICAL ORTHOGONAL FUNCTION ANALYSIS 
Empirical orthogonal function (EOF) analysis is also known as principal component analysis 
(PCA].  This analytical method is used to calculate spatial and temporal components of a dataset 
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into components which explain increasingly smaller parts of the total dataset variance.  A 
discussion of the applicability of EOF analysis to environmental data suggests that principal 
components analysis with the fields combined is the preferable methods for this type of analysis 
[Bretherton et al., 1992).  The EOF analysis produces eigenvectors and eigenvalues.  The first 
EOF explains the largest part of the sample variance.  Subsequent EOFs explain increasingly 
smaller parts of the sample variance.  Eigenvectors are the spatial component corresponding to 
each EOF.  The principal component (PC) corresponding to an EOF is the temporal portion of 
the EOF.  The PC of each EOF (using EOF1 as an example) is calculated using the following 
formula: 
PC1=Data*Eigenvector1*V1. 
Data are the original data set matrix and contains time and distance components, Eigenvector1 is 
the first or largest eigenvector and is the spatial component of the EOF analysis, and V1 is the 
fraction of the total variance explained by the first EOF.   
The determination of the number of EOFs to analyze further was based on using a break in the 
variance explained between larger values and subsequent values which explained increasingly 
smaller fractions of the variance.  The process of using a small number of EOFs to analyze 
environmental data has been described [Lorenz, 1956]. 
The resulting eigenvalues and eigenvectors were determined from the combined dataset and the 
principal components (PC) for the variance explained by the largest PCs were evaluated.  
Correlation coefficients were calculated between the resulting PCs and sea level, wave height, 






Wavelet analysis is a process where a wave form (wavelet) is matched with the target signal at 
successively larger scales.  In this case, the target signal is the PCs of the shoreline change time 
series.  Wavelet analysis [Goupillaud et al., 1984] of the resulting EOFs was done using the 
Morlet and Ricker [Fisher et al., 2003] wavelets.  The Morlet wavelet was chosen for frequency 
resolution, and the Ricker or wavelet for temporal resolution.  The Ricker wavelet is also known 
as the “Mexican hat” wavelet due to the sombrero shape of the three-dimensional wavelet plot.  
These scaled wavelets match waves in the target signal and are used to determine if 
progressively longer term signals are present in the input signal.   
For the continuous wavelet transform, the wavelet is scaled and compared to the shoreline 
principal component.  Similarities between the scaled waveform and the input signal are 
evaluated with increasingly scaled wavelet.  Higher levels of similarity give a higher level of 
response.  The period of each transform is plotted versus date.  The period values are in annual 
units.  The MATLAB function “scal2frg” was used to calculate this relationship between the 
scale value and the approximate frequency, which was converted to the period in years.  The 
colorbar units for each continuous wavelet transform designate the relative intensity of the 
wavelet match.  The intensity units are in either meters squared or index units squared. 
INDICES AND ENVIRONMENTAL DATA 
Two environmental variables and three indices were chosen as potential factors which may affect 
shoreline location for the barrier islands and associated inlets.  The three indices, the Arctic 
oscillation (AO), the North Atlantic oscillation (NAO), and the multivariate ENSO index (MEI), 
were chosen because they are associated with weather patterns in the North Atlantic Ocean.  
Teleconnection indices such as the AO, NAO, and the MEI may also correlate with some of 
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these changes.  The teleconnection indices are measures of recurrent large scale weather patterns 
of pressure or circulation anomalies that span vast geographical areas.  The AO or the Northern 
Annular Mode/Northern Hemisphere Annular Mode (NAM) was first identified in 1951 [Lorenz, 
1951].  The AO is a measure of sea level pressure anomaly which is used to describe the state of 
Arctic wind patterns.  These patterns control the movement of cold Arctic air predominantly 
during the months of December, January, February, and March [Thompson and Wallace, 1998].  
The NAO is a measure of pressure differences between Iceland and the Azores to determine 
pressure differences between the Icelandic low and the Azores high (Lisbon and Gibraltar have 
also been used to calculate the NAO).  The NAO has a long history of empirical observations by 
seafaring Scandinavians [Stephenson et al., 2003].  Use of the NAO for climate variation has 
been described [Lamb and Peppler, 1987].  There is some evidence that the NAO can be related 
to coastal sea level increase and coastal flooding [Ezer and Atkinson, 2014].  The MEI is an 
index of the principle components of six tropical Pacific atmospheric and ocean variable fields 
into one number to describe the intensity of an El Niño Southern Oscillation (ENSO) event 
[Wolter and Timlin, 1998]. 




Crosscorrelation was done for the indices and variables to determine the extent of interrelation 
among them.  The extent of the lag or delay in effect between them was also calculated.  Table 3 
is a summary of these calculations.  The AO and NAO were correlated strongly with no lags.  
For environmental factors, sea level correlated consistently with all other items with a lag of 13 
months with the MEI.  Sea level also was correlated with wave height to approximately the same 
level as with the three indices.  
SEA LEVEL 
Sea level data for 1990 to 2014 was obtained from the Chesapeake Bay Bridge Tunnel (CBBT) 
station (Figure 18).  The water level readings are obtained every six-minutes at this location.  
The csv file for this location was obtained from 
http://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?stnid=8638863.  The sea level 
data from this site is a monthly average water level.  The original data was interpolated to the 




Table 3. Crosscorrelation of Indices and Environmental Factors with monthly 
lags at the 95% significance level.  The largest correlation and associated lag is 
listed in the table. 
 
 
AO NAO MEI Sea Level
AO ---
NAO 0.64 (0) ---
MEI 0.19 (7) 0.07 (1) ---
Sea Level -0.37 (0) -0.38 (0) -0.30 (13) ---




Wave data was obtained from http://wis.usace.army.mil/wis.shtml (Figure 19).  The hourly 
measurements were interpolated to the shoreline location monthly time series.  Wave data from 
the Army Corps of Engineers wave site was compared to wave height and direction data from the 
 
 
Figure 19. Wave height from a US Army Corps of Engineers wave site off Parramore Island at WIS location 
63182. 
 
Figure 18. Monthly average water level at the CBBT from January 1990 to December 2014. 
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Chesapeake Bay Light tower.  This comparison was made to determine the extent that the wave 
height and direction data from the Corps station 63182, offshore of Parramore Island was similar 
to the same measurements from the Chesapeake Bay Light Tower.  The years 2012 to 2014 were 
chosen to provide a multi-year comparison.  Mean significant wave heights from the Corps’ site 
were 1.08 m, 0.96 m, and 0.98 m for 2012, 2013, and 2014.  The Chesapeake Bay Light tower 
values were 0.92 m, 0.95 m, and 0.94 m.  Wave direction was consistently 9 to 15 degrees more 
southerly at the Chesapeake Bay Light tower compared to the Corps’ station 63182. 
MULTIVARIATE ENSO INDEX 
The ENSO index used is the Multivariate ENSO Index (MEI) (Figure 20).  Data for the 
multivariate ENSO index (MEI) was obtained from 
https://www.esrl.noaa.gov/psd/enso/mei/ARcHivEd=MeI/200209/mei.html.  The MEI was 
chosen as the El Nino index because it is a broadly-based index with six components as its basis.  
The MEI is calculated 12 times per year on a sliding three-month interval.  When the MEI is 
greater than 0.5 or less than -0.5, El Niño and La Niña events are occurring. 
NORTH ATLANTIC AND ARCTIC OSCILLATIONS  
 
Figure 20. MEI values - January 1990 to December 2014.  Peaks above 0.5 for several occurrences represent El 
Nino events.  These events are labeled in the figure.  Peaks below -0.5 represent La Nina events. 
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The North Atlantic Oscillation (NAO) (Figure 21) and the Arctic Oscillation (AO) (Figure 22) 
are true indices in that values are continuous and evenly spaced.  There are no NAO or AO direct 
events such as particular weather patterns, but periods of higher or lower than normal index 
values can be correlated with environmental events such as higher erosion due to increased wave 
or sea level heights.  These variations were then interpolated to the shoreline change dates for 
each island.  The teleconnection and environmental data was correlated to the combined 
 
Figure 22 AO values for 1990 to 2014. 
 
Figure 22. AO values for 1990 to 2014. 
 
Figure 21. NAO values for 1990 to 2014. 
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shoreline data.  Correlations between the various environmental and teleconnection data sets was 
also done to assist in the explanation of correlations to shoreline data. 
HURRICANES AND STORMS 
Over the 24-year span of this study, the mid-Atlantic coastline has been influenced by a number 
of tropical storms and hurricanes (Table 4).  Significant changes to several islands are associated 
with some of these storms and are discussed in the results chapter.  In Table 3, storm caused  
 
Table 4. Hurricanes and hurricane related tropical storms 1996 to 2012. Larger storm tides associated with 
several hurricanes and tropical storms are noted.  All data from the NOAA Hurricane Center 
(http://www.nhc.noaa.gov/outreach/history/). 
 
Dates Storm Name or Type Proximity Remarks 
5-Sep-1996 H Fran inland  
27-Aug-1998 H Bonnie coastal  
5-Nov-1998 H Mitch   
16-Sep-1999 H Floyd 
inland  
17-Jun-2001 H Allison   
18-Sep-2003 H Isabel coastal 2.4 m storm tide 
19-Sep-2003 H Isabel   
14-Aug-2004 H Charley 
coastal  
15-Aug-2004 H Charley  1.3 m storm tide 
6-Sep-2004 H Frances Inland to offshore 1.2 m storm tide 
18-Sep-2004 H Ivan 
inland  
28-Sep-2004 H Jeanne inland  
23-Oct-2005 H Wilma offshore  
24-Oct-2005 H Wilma   
25-Oct-2005 H Wilma 
  
1-Sep-2006 TS Ernesto 
Offshore Virginia 3.1 m storm tide at 
Wachapreague 
12-Nov-2009 TS Ida 
Evolved from hurricane Ida 2.6 m storm tide at 
Wachapreague 
28-Aug-2011 H Irene offshore 1 m storm tide 
28-Oct-2012 H Sandy   
29-Oct-2012 H Sandy 
Coastal with landfall in NE 
US 
2.1 m storm tide 
30-Oct-2012 H Sandy 
  
Storm tide is a combination of storm surge and predicted high tide. 
38 
 
maximum water levels are the sum of tide level and storm surge.  Tropical storms Ida and 
Ernesto were both remnants of hurricanes.  Hurricane Ida formed on 4 November 2009 and 
Hurricane Ernesto formed on 24 August 2006.  Tropical storms Ida and Ernesto are listed 
because they caused the two highest water levels during the study period.  Hurricanes and storms 
which were slow moving were close to the project area for several days.  The days the storm was 
passing are listed separately in the table. 
WAVELET ANALYSIS OF INDICES AND ENVIRONMENTAL FACTORS 
Both Morlet and Ricker wavelet functions were computed for the AO, the NAO, the MEI, wave 
height, and sea level.  The wavelet plots are discussed here in general and will be referred to in 
the wavelet analyses sections for shoreline movement PCs, and inlet widening PCs. 
For the AO, the Morlet (Figure 23) and the Ricker (Figure 24) wavelets both have higher 
intensity areas from approximately 2008 to 2014.  The Ricker wavelet also has an intense area at 
the beginning of the series from 1990 to 1993.   
 
Figure 23. AO continuous wavelet function using the Morlet wavelet. 
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For the NAO, the Morlet (Figure 25) and the Ricker (Figure 26) wavelets, the similarities with 
the corresponding AO wavelets is evident.  Both have higher intensity areas from approximately 
2008 to 2014.  The Ricker wavelet also has an intense area at the beginning of the series from 
1990 to 1993.   
For the MEI, the Morlet (Figure 27) and the Ricker (Figure 28) wavelets, the intense high 
frequency responses correspond to El Nino events.  One of the strongest events occurred in 1997 
 
Figure 24. AO continuous wavelet function using the Ricker wavelet. 
 
Figure 25. NAO continuous wavelet function using the Morlet wavelet. 
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and 1998 and is reflected in the Morlet wavelet plot and to a lesser extent in the Ricker plot.  The 
second strongest El Nino was in 2009 and 2010 and is seen in both plots.  This El Nino is more 
readily seen in the Ricker wavelet plot (Figure 28). 
For sea level, the Morlet (Figure 29) and the Ricker (Figure 30) wavelets, the intense high and 
low frequency responses correspond to what would be expected from a steadily increasing sea 
level.  The Morlet wavelet shows steadily higher intensity in low and high frequency events from 
 
Figure 26. NAO continuous wavelet function using the Ricker wavelet. 
 
Figure 27. MEI continuous wavelet function using the Morlet wavelet. 
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1990 to 2014.  The Ricker wavelet does not have the steadily continuous increase that is evident 
in the Morlet wavelet plot. 
For wave height, the Morlet (Figure 31) and the Ricker (Figure 32) wavelets are difficult to 
interpret.  Both wavelets show high intensity responses at low frequencies near the top portion of 
 
Figure 28. MEI continuous wavelet function using the Ricker wavelet. 
 
Figure 76 Sea level continuous wavelet function using the Ricker wavelet.   
 
Figure 29. Sea level continuous wavelet function using the Morlet wavelet. 
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the plots.  The Morlet wavelet has high frequency periodic responses at the 1 year level that 





Figure 31. Wave height continuous wavelet function using the Morlet wavelet. 
 












The grouped shoreline data are first analyzed by EOF analysis and the PCs from the analysis are 
correlated to sea level, wave height, AO, NAO, and MEI.  The shoreline PC are then analyzed by 
wavelet analysis.  Individual island results are presented and then inlet analysis results are 
presented at the end of the chapter. 
SHORELINE EOF ANALYSIS 
The EOF contributions for the first ten EOFs for both the non-detrended and detrended data are 
listed in Table 5.  These values indicate the sharp decrease in the amount of data variance 
explained after the first five EOFs.  Both linear and quadratic trends were subtracted from the 
data for the detrended EOF analysis.  Detrending by removing the linear trend is listed in Table 
5. 
Table 5. Fraction of the EOF variance explained for non-detrended and detrended shoreline location measurements.  





1 0.59 0.33 
2 0.13 0.15 
3 0.08 0.08 
4 0.06 0.06 
5 0.03 0.04 
6 0.02 0.03 
7 0.02 0.02 
8 0.01 0.02 
9 0.01 0.02 




The first four EOFs for the original or non-detrended data were chosen for further analysis.  The 
net amount of sample variance explained by the first four non-detrended EOFs is 86 percent.  
Subsequent EOFs were not used since they added three percent or less variance to the total.  The 
net amount of sample variance explained by the first four detrended EOFs is 62 percent.  The 
non-detrended results were used for further analysis since it was later determined that the 
detrended data showed little correlation with the environmental factors and indices used for the 
correlation analysis.  This analysis is explained later in this section. 
The PC for the first EOF (PC1, Figure 33) contains longer-term changes in the data.  The PC 
shows a continuous shoreline retreat over the twenty-four-year time span of the study.  The 
larger sudden change in 2004 to 2005 can be seen in individual island shoreline plots. 
The PC for the second EOF (PC2, Figure 34) also contains long-term changes.  For this PC, there 
is a long-term shoreline retreat from 1990 to 2004.  A change in shoreline retreat is seen during 
2009-2010. 
 
Figure 33. PC1 from the EOF analysis of the combined eleven island dataset.  The 
principal component plot indicates a large change in shoreline location in 2004. 
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The PC for the third EOF (PC3, Figure 35) contains short-term changes superimposed on longer-
term shoreline changes.  The years 2004-2005 and 2009-2010 show as rate changes to shoreline 
change in this plot as the 2004-2005 change appears in PC1, and the 2009-2010 change appears 
in PC2.  
 
Figure 35. PC3 from the EOF analysis of the combined eleven island dataset.  
The combined dataset shows the effect of two periods of short-term-events 
superimposed on longer-term trend. 
 
Figure 34. PC2 from the EOF analysis of the combined eleven island dataset.  The 
combined dataset shows the effect of long-term events.  There is a rapid shoreline 
change in 2009. 
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The PC for the fourth EOF (PC4, Figure 36) contains high frequency shoreline changes.   
The range of the plotted points ranges from +30 to -30 meters, with most points between +15 and 
-15 meters.  Since this is close to the previously stated accuracy of the digitizing process, the 
individual events in the PC may not represent real changes.  Major features such as the relatively 
large oscillations during the 1992 to 1998-time period may correspond to shoreline change 
variability caused by three El Nino events during this period.  For this reason, PC4 was analyzed 
further.  
Eigenvector 1 (Figure 37) is coupled with PC1 and explains 59 percent of the variance of 
shoreline movement along the eleven islands.  Major changes are evident at the ends of the 
islands as well as the northern end of Wallops Island (Transects 299 to 338) and at two locations 
of former inlets on Cedar Island Transects 204 to 245).  Myrtle, Ship Shoal and Wreck Islands 
(Transects 40 to 84) as a group have a higher level of eigenvector variation than the other eight 
islands.  These islands are also the smallest of the eleven islands. 
 
Figure 36. PC4 from the EOF analysis of the combined eleven island 
dataset.  The combined dataset shows the effect of short-term-events 
superimposed on longer-term events. 
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Eigenvector 2 (Figure 38) is coupled with PC2 and explains an additional 13% of the shoreline 
movement along the eleven islands.  Major changes are evident at the ends of the islands as well 
as the northern end of Wallops Island and at two locations of former inlets on Cedar Island.  
 
Figure 38. Eigenvector 2 for the eleven island Virginia barrier island group.  The data are adjusted for the 
variance explained.  A higher level of change for Myrtle, Ship Shoal, and Wreck Islands is indicated.  Transects 
corresponding to islands are noted. 
 
Figure 37. Eigenvector 1 for the eleven island Virginia barrier island group.  The data are adjusted for the 
variance explained.  A higher level of change for Myrtle, Ship Shoal, and Wreck Islands is indicated.  Transects 
corresponding to islands are noted. 
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Myrtle, Ship Shoal and Wreck Islands as a group have a higher level of eigenvector variation 
then the other eight islands. 
Eigenvector 3 (Figure 39) is coupled with PC3 and explains an additional 8% of the shoreline 
movement along the eleven islands.  Major changes are evident at the ends of the islands as well 
as the northern end of Wallops Island and at two locations of former inlets on Cedar Island.  
Myrtle, Ship Shoal and Wreck Islands (transects 40 to 84) as a group have a higher level of 
eigenvector variation than the other eight islands.  As with eigenvectors 1 and 2, the areas 
corresponding with the ends of the islands have the largest range of eigenvector variability.  The 
range of the eigenvector’s values is small which agrees with the eight percent of variance 
explained. 
Eigenvector 4 (Figure 40) is coupled with PC4 and explains an additional 6% of the shoreline 
movement along the eleven islands.  Even with the low percentage of variance explained, the 
large peak for Assawoman Island stands out.  Changes at Myrtle, Ship Shoal and Wreck Islands 
 
Figure 39. Eigenvector 3 for the eleven island Virginia barrier island group.  The data are adjusted for the 
variance explained.  A higher level of change for Myrtle, Ship Shoal, and Wreck Islands is indicated. 
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(transects 40 to 84) as a group are still evident and have a higher level of eigenvector variation 
then the other eight islands.  
SHORELINE MOVEMENT CORRELATIONS 
Statistical correlation of the principal components with sea level, waves, the AO, the NAO, and 
the MEI was done using the MATLAB “corr” function.  In this case, this function calculated the 
Pearson’s correlation coefficient.  For rank correlations using this function, if the variable PVAL 
is <0.05 then the two values being compared are considered correlated.  The value RHO is the 
Table 6. Correlation coefficients (RHO), significance value (PVAL), and coefficients of determination 
(Coef_Det) for principal components 1 to 4.  PVAL >0.99% significance highlighted. 
 
Factor PVAL RHO Coef_Det PVAL RHO Coef_Det PVAL RHO Coef_Det PVAL RHO Coef_Det
AO 0.0137 -0.142 0.020 0.090 -0.100 0.010 0.011 0.146 0.020 0.0824 -0.100
NAO 1.15E-09 -0.217 0.047 0.182 -0.080 0.631 0.146 0.000115 -0.221 0.049
MEI 1.15E-09 -0.343 0.117 0.030 -0.130 0.017 0.017 0.080 0.006 0.0286 -0.127 0.016
Waves 0.0116 0.146 0.021 0.057 0.110 0.799 0.015 0.075 0.103
Sea Level 1.7E-35 0.637 0.406 0.614 -0.029 0.019 -0.135 0.018 0.2813 0.063
PC3 PC4PC1 PC2
 
Figure 40. Eigenvector 4 for the eleven island Virginia barrier island group.  The data are adjusted for the 
variance explained.  A higher level of change for Myrtle, Ship Shoal, and Wreck Islands is indicated as well as a 
very large peak at Assawoman Island. 
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pairwise correlation coefficient of the two values being compared.  Coefficients of 
determination, which is the proportion of the principal component which can be predicted from 
the individual factors analyzed, was also calculated for PVAL amounts <0.05.  The results of 
these calculations are listed in Table 6.  All five factors were correlated with PC1, although sea 
level had the largest coefficient of determination (r2=0.406).  The MEI also had a large 
coefficient of determination (r2=0.117).  The MEI also correlated with PCs 2 to 4 but with small 
coefficients of determination of less than 0.02.  Other correlations for PCs 2 to 4 were found, 
however their correlations were very small especially when the EOF variance explained values 
of Table 5 are considered.  Sea level is a direct factor in explaining 40.6 percent of the shoreline 
change for PC1.  The MEI association is 11.7 percent but since it is an index rather than a direct 
environmental factor, the effects from the association are indirect and caused by weather and 
storm patterns associated with the MEI. 
SHORELINE WAVELET ANALYSIS  
Figure 41 is the continuous wavelet transforms for PC1 using the Morlet wavelet.  Short term 
changes are determined using this wavelet shape.  High frequency responses at the one to two-
year period appear in 1990 and 2004 and 2014.  At the 6-year period, a recurring multi-year 
pattern is evident.  At the 12-year period level, four intense 4 to 5 year cycles are evident.  The 
Ricker wavelet (Figure 42) has better temporal resolution than the Morlet wavelet.  This is 
evident in the figure since it shows the longer-term variations which the Morlet wavelet found at 
higher periods.  At the 10 to 20-year period, two intense 12 year or longer cycles are evident.  




Figure 43 is the continuous wavelet transforms for PC2 using the Morlet wavelet.  Short term 
changes are reflected in the bottom half of the transform.  The plot is like that of the PC1 
 
Figure 42. PC1 continuous wavelet function using the Ricker wavelet.  The Ricker wavelet shows longer term 
data changes which have their greatest intensity at the 10 to 20-year period. 
 
Figure 41. PC1 continuous wavelet functions using the Morlet wavelet.  The Morlet wavelet is more sensitive to 
short-term frequency variations. 
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transform except that three long-term changes appear at the top of the plot.  The Ricker wavelet 
for PC2 (Figure 44) again shows better temporal resolution than the Morlet wavelet.  This is 
 
Figure 43. PC2 continuous wavelet function using the Morlet wavelet.  The wavelet shows short term changes at 
the lower half of the transform and three long-term-term approximately 8-year duration changes are seen at the 
top of the transform. 
 
Figure 44. PC2 continuous wavelet function using the Ricker wavelet.  The Ricker wavelet shows three long 
term duration data changes which from periods 8 to 20 years. 
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evident in the figure since it shows the longer-term variations which the Morlet wavelet does not 
find until much later.  There are two full 10-year duration variations, and part of what appears to 
be a third 10-year duration variation starting in 2009 and apparently continuing beyond 2014.  
Both transforms show a more intense response centered at 2003 to 2004.  The variations to the 
right and left of the 2003 to 2004 centered variation are less intense than the center variation.  
The first and third transforms are fully developed at the 6-year period level, and the middle 
transform is fully developed at the 7 to 8-year period level. 
Figure 45 is the continuous wavelet transforms for PC3 using the Morlet wavelet.  Higher 
frequency responses at the 4-year period level appear starting in 2004 and continue to 2014.  At 
the 12-year period level, two to three year patterns appear.  The most intense patterns start at 
approximately 1998 and continue to 2014.  The Ricker wavelet for PC3 (Figure 46) has three full 
5-year duration variations, and part of what appear to be two 5-year duration variations at the 
 
Figure 45. PC3 continuous wavelet functions using the Morlet wavelet.  The Morlet wavelet shows shorter-term 
frequency variations.  Multiyear events centered on 2004-2005 are the most intense feature of this plot. 
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beginning and end of the plot.  Both transforms show a more intense response centered at 2004.  
The variations to the right and left of the 2004 centered variation are less intense than the center 
variation.  The second and third variations are fully developed at the 4 to 5-year period level, and 
the first variation is fully developed at the same level.  
The plot shows three intense areas at the 10-year period and above, in three groups of 
approximately 6-year duration.  At the 6-year period level, there are approximately seven 2 to 3 
year events.  Two of these cycles begin at the 2 or 3-year period level in 2004.  The Ricker 
continuous wavelet transform for PC4 (Figure 48) Shows two low intensity approximately 5-year 
duration cycles and one very large and intense 8 to more than 10-year cycle starting in 2006 and 




Figure 46. PC3 continuous wavelet function using the Ricker wavelet.  The Ricker wavelet shows longer term 
data changes which appear at a 3 to 5-year period with the most intense centered at 2006. 
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Comparison of Figures 42 to 48 to the environmental factor and index wavelets (Figures 23 to 
 
Figure 48. PC4 continuous wavelet functions using the Ricker wavelet.  The Ricker wavelet shows longer term 
data changes which appear at a 5-year period, with the most intense from 2005 to 2012. 
 
Figure 47. PC4 continuous wavelet functions using the Morlet wavelet.  The Morlet wavelet shows short-term 




32) was done to determine if wavelet patterns present in the PC wavelet transform plots can be 
seen in the environmental factor and index wavelet plots.  This comparison will aid in the 
determination of which wavelet plots are useful in interpreting the causative factors such as sea 
level or wave height change for Virginia barrier island and inlet changes.  The Morlet transform 
plot for PC1 appears to contain elements of all environmental factor and index wavelets.  The 
Ricker wavelet plot for PC1 showed some similarities with the NAO and MEI wavelets.  The 
Morlet wavelet plot for PC2 contains elements of the wave height and sea level wavelets.  There 
were no apparent similarities for the PC2 Ricker wavelet plot.  The Morlet wavelet plot for PC3 
contains elements of the sea level, MEI, and NAO wavelet plots.  The Ricker wavelet had no 
apparent similarities.  The Morlet wavelet plot for PC4 contains elements of the sea level, MEI, 
and NAO wavelet plots.  The Ricker wavelet plot for PC4 contained elements of the sea level 
wavelet plot. 
 
ENVIRONMENTAL AND TELECONNECTION EVENTS 
During the span of this study, there have been seven El Niño events (Table 7).  The strongest El 
Niño events since 1990 were the 1991-1992 and 1997-1998 events.  MEI index values above 0.5 
indicate El Nino conditions are occurring.  If the index remains above this value for enough 
sliding monthly calculation periods, an El Nino is occurring. 
The AO, NAO, or MEI may have significant correlations with shoreline changes on the islands.  
Index related weather conditions causing increased wave and sea level heights or a combination 
of wave height and wave direction changes may be the source of these correlations.   
58 
 
In 2009-2010, there was an El Niño event of unusual note.  During the El Niño, Tropical Storm 
Ida produced one of the highest storm surges to occur during the 24-year study.  During 2009, a 
reduction in the Atlantic Meridional Overturning Circulation (AMOC) occurred as well [Ezer, 
2015, Ezer and Atkinson, 2014, Ezer et al., 2013].  Because of the overturning circulation 
reduction, the Gulf Stream slowed.  This slowdown allowed the water level of the eastern side of 
the Gulf Stream to fall and the water level of the western side of the Gulf Stream to rise [Sweet 
et al., 2009].  The water level increase of the western side caused water levels along the east 
coast of the US to be consistently higher than predicted by up to 10 cm.  The combination of 
these events, caused a spike in shoreline loss on all eleven of the barrier islands.  Most locations 
recovered to the point where the shoreline change resumed at the same loss rate of loss that was 
occurring before 2009 at all locations.  This shoreline loss and subsequent gain is shown in PC1. 
ISLAND SPECIFIC RESULTS 
The eleven islands were analyzed for the same parameters which define the rate and extent of 
shoreline movement.  They are the linear regression rate (LRR) and the shoreline change 
envelope (SCE) as described earlier.  While individual island results are interesting, the 
commonalities among the islands may be difficult to determine.  The combined island data 
analyses presented later in the chapter were designed to discover these common effects. 
Table 7. El Nino events - 1992 to 2014 using MEI criteria. 
 
El Nino Event MEI Criteria 
Dates 
Max Value Remarks 
91-92 May 91 – Dec 93 2.3 and 1.9 Double peak for MEI 
94-95 May 94 – May 96 1.4  
97-98 May 97 – Jun 98 3.0  
02-03 May 02 – Mar 03 1.2  
04-05 Jul 04 – Apr 05 0.7  
06-07 Jun 06 – Feb 07 1.3  
09-10 Jun 09 – May 10 1.5  




The shoreline change rates for the islands varies both on each island and does not exhibit a 
specific pattern along the eleven islands.  A positive rate will cause shoreline movement 
seaward.  Table 8 is a summary of these shoreline change rates.  The highest positive rate is on 
the north end of Wallops Island.  The most negative rate is on Myrtle Island.  The rates listed are 
for the island areas that are more than 900 m from the island ends because of the highly variable 
effect inlets have on the rates at the ends of the islands.  Individual island changes and rates are 
discussed in the next section.   
Island rotation, which is an important metric to describe island reaction to changing ocean 
conditions, was also determined and is summarized in Table 9. 
The Virginia Barrier island inlet widths ranged from 260 m for Little Inlet to 2.7 km for Great 
Machipongo Inlet.  These are widths measured in 2014.  Inlet widths in 1990 were narrower.  At 
that time, Little Inlet was 129 m wide and Quinby Inlet was 2 km wide, the widest inlet.  Inlet 
changes are discussed later in this section.  Table 11 is a summary of these findings. 
Table 8. Island shoreline change rates 
(M/Y).  Islands ends are excluded 
from this listing. 
 
Island Shoreline Change Rates 
(m/y) 
Island Rate Range 
Wallops -5 to 60 
Assawoman 0 to -8 
Metompkin -25 to -90 
Cedar 55 to -40 
Parramore -10 to -20 
Hog 0 to 5 
Cobb 5 to -10 
Wreck 20 to -20 
Ship Shoal -5 to 17 
Myrtle -25 to -100 




RESULTS FOR EACH ISLAND  
Evaluating each of the eleven islands individually allows the interpretation of the EOF and 
wavelet analysis for the islands.  Substantial shoreline changes for some of the islands directly 
relate to changes seen in the PCs and eigenvalues from the EOF analysis and can be used to 
validate the findings from the analysis of the aggregated data.  
WALLOPS ISLAND 
Thirty-nine transects were calculated for 241 shorelines to determine shoreline locations for 
Wallops Island (Figure 49). 
 
 
Figure 49. Wallops Island FSA aerial image taken 27 August 2014.  Included are DSAS baselines (green), 




The shoreline change rate varies from       -20.0 to +62.0 m/y with both extremes at the northern 
5 kilometers of the island (Figure 50).   For the balance of the island, the rate varies from -9.0 to 
-4.5 m/y.  The shoreline movement rate over the 24 years of the study has shown a loss for the 
southern and northern ends of the island and a net gain for the rest of the island.  The large peak 
from the 8 to 9.5-kilometer shoreline distance (between transects 20 and 25) is due to a large 
increase in beach width from the attachment of a sand bar to the island in late 2004.  The average 
shoreline change rate for all transects over the study period is 7.9 m/y. 
The magnitude of shoreline change is shown in the shoreline change envelope (Figure 51).  Over 
the 24-year study period, the total shoreline excursion for Wallops Island ranges from less than 
200 m to 1.4 km. 
Determination of the rotation of the island is complicated by the large input of sand from the 
attachment of the sand bar in 2004.  Excluding this event, the island does not appear to be 
rotating over an extended period of years since the rate of movement of the south and north ends 
of the island are similar and near zero. 
 
Figure 50. Annual shoreline movement rate for Wallops Island - 1990 to 2014.  The dashed lines are the 99.9% 
confidence interval calculated by DSAS. 
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Wallops Island is one of the most complex of the eleven barrier islands included in this study.  
Shoreline revetment construction and beach replenishment from 2011 to 2013 has changed the 
shoreline characteristics such as the short-term shoreline change rate for the southern 3 km of the 
island.   
ASSAWOMAN ISLAND  
Eighteen transects were calculated for 247 digitized shorelines (Figure 52).  The island has been 
losing shoreline for the length of the study period.  Loss rates vary from -5 m/y at the north end 
of the island to -9 m/y near the south end of the island.  Island rotation is slightly clockwise due 
to a larger loss rate on the southern half of the island versus the northern half.  In table 8 the 
island is listed as not rotating due to the small amount of net rotation. 
 
Figure 51. Wallops Island maximum shoreline excursion from January 1990 to December 2014.  The large 
change from distances 5000 to 10000 m is due to attachment of a large shoal to the island shoreline. 
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The shoreline change rate varies from 0.0 to -9.0 m/y at the southern 300 meters of the island 
(Figure 53).  This is due to changes in Gargathy Inlet.  The average shoreline change rate for all 
transects over the study period is -5.6 m/y. 
The southern end of the island has been losing shoreline at a slightly lower rate than the northern 
end of the island. 
Except for the southern end of the island, the total shoreline change (Figure 54) for the northern 
half of the island is slightly lower than the southern half of the island.  Compared to other 
islands, this difference is small and leads to the conclusion of no rotation. 
 
 
Figure 52. Assawoman Island FSA aerial image taken 27 
August 2014.  Included are DSAS baselines (green), numbered 







Figure 53. Annual shoreline movement rate for Assawoman Island – 1990 to 2014.  The dashed line is the 
99.9% confidence interval as calculated by DSAS. 
 
Figure 54. Assawoman Island maximum shoreline excursion from January 1990 to December 2014.  The 
amount of change is calculated by DSAS from the total distance of the two farthest apart shoreline positions. 
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METOMPKIN ISLANMetompkin Island is south of Gargathy Inlet.  The shoreline along the 
entire island has been eroding for the length of the study period.  Thirty-six transects were 




Figure 55. Metompkin Island FSA aerial image taken 27 August 2014.  Included are 
DSAS baselines (green), numbered transects (red), and shoreline locations (blue). 
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Rates for the northern part vary from 0.0 to -20.3 m/y.  The shoreline on the northern half of the 
island has been receding faster than the southern half of the island.  Rates for the southern part 
vary from slightly less than zero to -30 m/y.  The lower shoreline loss rate for the southern half 
of the island causes the island to appear to be rotating counter-clockwise (Figure 56).  At the 
northern half of the island, the rate becomes increasingly negative with the highest loss rate at 
Gargathy Inlet, the northern terminus of the island.  The average shoreline change rate for all 
transects over the study period is -4.0 m/y. 
 
Figure 56. Annual shoreline movement rate for Metompkin Island – 1990 to 2014.  The dashed line is the 99.9% 
confidence interval as calculated by DSAS.by DSAS. 
 
Figure 57. Metompkin Island maximum shoreline excursion from January 1990 to December 2014.  The amount 
of change ranges from 600 meters at 300 meters from the south end of the island to 125 meters at 3 km from the 
south end of the island. 
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The shoreline change envelope (Figure 57), reinforces the extent to which the northern half of 
the island has seen much higher total shoreline change than the southern half of the island.  The 
broad peak in total change between 5.5 km and the northern end of the island reinforces this 
finding. 
CEDAR ISLAND 
Cedar Island, south of Metompkin Inlet, has been eroding for the length of the study period.  
Forty-two transects were calculated for 241 shorelines to determine the shoreline changes for 
Cedar Island (Figure 58).  The rate for the northern end of the island for approximately 2.0 
 
 
Figure 58. Cedar Island FSA aerial image taken 27 August 2014.  Included are DSAS baselines (green), 
numbered transects (red), and shoreline locations (blue). 
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kilometers is positive as opposed to net shoreline loss for all but the southern end of the island.  
The island ends at Wachapreague Inlet.   
Shoreline change regression rates for the island (Figure 59) vary from 0.0 to -24 m/y except for 
the northernmost transect which is accreting at approximately 15 m/y.  The average shoreline 
change rate for all transects over the study period is -13.5 m/y. 
At the southern end of the island is Wachapreague Inlet, the southern terminus of the island.  
Due to the near uniform shoreline movement rates for the length of the island, it does not appear 
to be rotating. 
The lack of Cedar Island rotation is confirmed by the net shoreline movement envelope (Figure 
60).  The total shoreline change across the island does not have a distinct pattern indicating 
rotation.  Both ends of Cedar Island have a decrease in the amount of shoreline change because 
of the inlets at both ends of island. 
 
 
Figure 33 Average shoreline movement rate for Cedar Island – 1990 to 2014.  The dashed line is the 99.9% confidence 
interval as calculated by DSAS. 
 
Figure 59. Annual shoreline movement rate for Cedar Island – 1990 to 2014.  The dashed line is the 99.9% 





Parramore Island is south of Wachapreague Inlet.  For Parramore Island, there were 44 transects 
calculated for 243 shorelines over the 24-year study period (Figure 61).  This island been eroding 
for the length of the study period along its entire length.  The rate for the northern and southern 
600 meters of the island are much higher than the rest of the island 
Shoreline regression rates for the island vary from +7.0 to -67 m/y (Figure 62) with the northern 
and southern ends of the island having the highest loss rates.  The island is rotating slightly 
clockwise as seen by the slight difference in the shoreline change rate from 600 m north of 
Quinby Inlet to 600 m south of Wachapreague Inlet.  The average shoreline change rate for all 
transects over the study period is -16.4 m/y. 
Parramore Island rotation is slightly clockwise as indicated by the net shoreline movement 
envelope (Figure 63).  The northern and southern ends of the island have the highest total 
shoreline change of approximately 1,200 m and 900 m.  The total shoreline change ranges from 
 
Figure 62. Annual shoreline movement rate for Parramore Island – 1990 to 2014.  The dashed line is the 99.9% 
confidence interval as calculated by DSAS. 
 
 
Figure 60. Cedar Island maximum shoreline excursion from January 1990 to December 2014.  The amount of 
change is calculated by DSAS from the total distance of the two farthest apart shoreline positions. 
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250 m to 700 m for the 1,200 m to 11,700 m distance from the south end of the island.  From 
 
 
Figure 61. Parramore Island FSA aerial image taken 27 August 2014.  Included are DSAS baselines (green), 
numbered transects (red), and shoreline locations (blue). 
 
 
Figure 62. Annual shoreline movement rate for Parramore Island – 1990 to 2014.  The dashed line is the 99.9% 




here the amount of shoreline change is about 100 m to 500 m starting at 300 m from the south 
end of the island.  Both ends of Parramore Island have an increase in the amount of shoreline 
change due to the inlet effects. 
HOG ISLAND 
For Hog Island, there were 41 transects calculated for 252 shorelines over the 24-year study 
period (Figure 64).  The northern and southern ends of the island have a high rate of shoreline 
loss but with net shoreline gain several hundred meters from both ends.  The island has been 
eroding on a 3.0 km segment starting 6 km from the southern end.  Except for a short shoreline 
segment near the southern end of the island, the shoreline on a 6.0 km segment on the southern 
end of the island is accreting slightly.   
Shoreline change regression rates for the island vary from +8.0 to -10 m/y (Figure 65).   Both 
ends of the island have higher rates of both shoreline loss and gain than the central 11 km of the 
island.  The average shoreline change rate for all transects over the study period is -0.7 m/y. 
The island is not rotating.  
 
Figure 63. Parramore Island maximum shoreline excursion from January 1990 to December 2014.  The amount 
of change is calculated by DSAS from the total distance of the two farthest apart shoreline positions 
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Hog Island is also not rotating as shown by the net shoreline movement envelope (Figure 66).  
The northern end of the island has the highest total shoreline change of a maximum of 
approximately 650 m.  The total shoreline change ranges from 100 m to 650 m for the 6,000 m to 
11,400 m distance from the south end of the island.  From here the amount of shoreline change is 
about 100 m to 500 m starting at 300 m from the south end of the island.  Both ends of Hog 
Island have an increase in the amount of shoreline change due to the inlet effects. The middle 




Figure 64. Hog Island FSA aerial image taken 27 August 2014.  Included are DSAS baselines (green), numbered 





Cobb Island has been eroding for the study period along its northern shoreline.  For this island, 
there were 34 transects calculated for 241 shorelines over the 24-year study period (Figure 67).  
This loss has been so severe that the island has lost 1.9 km in length between 1990 and 2014.  
The larger part of the island length loss occurred in December 2009, when 1.3 km was lost from 
the north end of the island 
 
Figure 66. Hog Island maximum shoreline excursion from January 1990 to December 2014.  The amount of 
change is calculated by DSAS from the total distance of the two farthest apart shoreline positions 
 
Figure 65. Annual shoreline movement rate for Hog Island – 1990 to 2014.  The dashed line is the 99.9% 
confidence interval as calculated by DSAS. 
74 
 
The shoreline loss rate (Figure 68) for the northern 3.3 km of the island is much higher than the 
rest of the island.  The southern end of the island is accreting at up to 75 m/y.  The average 
shoreline change rate for all transects over the study period is -15.5 m/y.  The greater shoreline 
loss rate at the northern end of the island causes the island to appear to be rotating 
counterclockwise. 
Cobb Island rotation is confirmed by the net shoreline movement envelope (Figure 69).  The 
northern end of the island has the highest total shoreline change of a maximum of 
approximately1300 m.  The total shoreline change ranges from 500 m to 1.4 km for the 5.0 km to 
9.0 km m distance from the south end of the island.  From here the amount of shoreline change 
 
 
Figure 67. Cobb Island FSA aerial image taken 27 August 2014.  Included are DSAS baselines (green), 
numbered transects (red), and shoreline locations (blue). 
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has a lower approximate change of 500 m to 200 m starting at 1.2 km from the south end of the 
island.  The end 1.0 km at both ends of Cobb Island have an increase in the amount of shoreline 
change due to the inlet effects at both ends of island.  
  
 
Figure 69. Cobb Island maximum shoreline excursion from January 1990 to December 2014.  The amount of 
change is calculated by DSAS from the total distance of the two farthest apart shoreline positions. 
 
Figure 68 Annual shoreline movement rate for Cobb Island – 1990 to 2014.  The dashed line is the 99.9% 




Wreck Island has been eroding for the length of the study period along its northern shoreline.  As 
with Cobb Island, the northern end of the island has lost 1 km or 17.1% of its length between 
1990 and 2014.  Wreck Island has 21 transects calculated for 251 shorelines over the 24-year 
study period (Figure 70). 
The shoreline loss rate (Figure 71) for the northern 3 km of the island is predominantly negative, 
ranging from 0.0 m/y at the center of the island to -29 m/y at the northern tip of the island.  The 
 
 
Figure 70. Wreck Island FSA aerial image taken 27 August 2014.  
Included are DSAS baselines (green), numbered transects (red), 




shoreline for the southern half of the island is moving seaward at up to 54 m/y.  The average 
shoreline change rate for all transects over the study period is +1.1 m/y.  The greater shoreline 
loss rate at the northern end of the island causes the island shoreline to appear to be rotating 
counterclockwise. 
Wreck Island rotation is confirmed by the net shoreline movement envelope (Figure 72).  The 
northern end of the island has a lower total shoreline change ranging from 300 to 600 m.  The 
total shoreline change ranges from 300 m to 1200 m for the 0 m to 3000 m distance from the 
 
Figure 72. Wreck Island maximum shoreline excursion from January 1990 to December 2014.  The amount of 
change is calculated by DSAS from the total distance of the two farthest apart shoreline positions. 
 
Figure 71. Annual shoreline movement rate for Wreck Island – 1990 to 2014.  The dashed line is the 99.9% 
confidence interval as calculated by DSAS. 
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south end of the island.  The final 300 m at both ends of Wreck Island is from changes due to the 
proximity to New and Sand Shoal Inlets. 
SHIP SHOAL ISLAND 
Ship Shoal Island is south of Wachapreague Inlet.  The southern half of the island has been 
eroding for the length of the study period while the northern half of the island had been 
accreting.  The island lost 186 m or 6 % of its length from 1990 to 2014.  The Ship Shoal Island 
DSAS calculations used 11 transects for 251 shorelines over the 24-year study period (Figure 




Figure 73. Ship Shoal Island FSA aerial image taken 27 August 
2014.  Included are DSAS baselines (green), numbered transects 
(red), and shoreline locations (blue). 
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The shoreline change rate (Figure 74) for the northern half of the island ranges from 0 m/y at the 
center to a gain of 17 m/y 300 m from the northern end of the island.  The southern end of the 
island has a shoreline reduction of up to 9 m/y near the southern end of the island.  The average 
shoreline change rate for all transects over the study period is 2.9 m/y.  The greater shoreline 
gain rate at the northern end of the island causes the island to appear to be rotating clockwise.  
Ship Shoal Island rotation is confirmed by the net shoreline movement envelope (Figure 75).  
The northern end of the island has the highest total shoreline change of a maximum of 
approximately1000 m.  The total shoreline change ranges from 600 m to 1000 m for the 2,000 m 
to 600 m distance from the south end of the island.  From here the amount of shoreline change 
has an almost constant approximate change of 500 m at 600 m from the south end of the island.  
The final 300 m of Ship Shoal Island has a increase in the amount of shoreline change from 50 to 
275 m.  This is due to the increase in island shoreline as seen from the near zero rate of shoreline 




Figure 74. Annual shoreline movement rate for Ship Shoal Island – 1990 to 2014.  The dashed line is the 99.9% 




Myrtle Island is south of Wachapreague Inlet.  This island been eroding for the length of the 
study period along its entire length.  The rate for the northern and southern 600 meters of the 
island are much higher than the rest of the island.  Calculations for Myrtle Island are based on 13 
transects with 245 digitized shorelines for the 24-year study period (Figure 76).  Myrtle Island is 
one of the shorter barrier islands with a length of approximately 3,600 m. 
The shoreline loss rate (Figure 77) for the northern 3.3 km of the island is much higher than the 
rest of the island.  The average shoreline change rate for all transects over the study period is -
44.2 m/y.  The greater shoreline loss rate at the northern end of the island causes the island to 
appear to be rotating counterclockwise. 
 
Figure 75. Ship Shoal Island maximum shoreline excursion from January 1990 to December 2014.  The amount 
of change is calculated by DSAS from the total distance of the two farthest apart shoreline positions. 
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Myrtle Island rotation is confirmed by the net shoreline movement envelope (Figure 78).  The 
northern end of the island has the highest total shoreline change of a maximum of 
approximately1300 m.  The total shoreline change ranges from 600 m to 1300 m for the 2,000 m 
to 3600 m distance from the south end of the island.  From here the amount of shoreline change 
has an almost constant approximate change of 650 m at 300 m from the south end of the island.  
The final 300 m of Myrtle Island has a decrease in the amount of shoreline change from 650 to 
175 m.  This is due to the increase in island shoreline as seen from the near zero rate of shoreline 
 
 
Figure 76. Myrtle Island FSA aerial image taken 27 August 2014.  
Included are DSAS baselines (green), numbered transects (red), 











Figure 77. Annual shoreline movement rate for Myrtle Island – 1990 to 2014.  The dashed line is the 99.9% 
confidence interval as calculated by DSAS. 
 
Figure 78. Myrtle Island maximum shoreline excursion from January 1990 to December 2014.  The amount of 




Smith Island is south of Little Inlet.  This island been eroding for the length of the study period 
along its entire length.  Calculations for Smith Island are based on 39 transects with 248 digitized 
shorelines for the 24-year study period (Figure 79).  The shoreline change rates (Figure 80) for 
the northern 2,000 m of the island are much higher than the rest of the island and reach a 
maximum loss rate of 19 m/y.  The shoreline loss rate for the southern 25 transects (7 km) is 
lower than the rest of the island, ranging from 0 at the southernmost transect to 7 m/y at transect 
 
 
Figure 79. Smith Island FSA aerial image taken 27 August 2014.  
Included are DSAS baselines (green), numbered transects (red), 




25.  The average shoreline change rate for all transects over the study period is -6.6 m/y.  The 
greater shoreline loss at the northern end of the island causes the island to appear to be rotating 
counterclockwise. 
Smith Island rotation is confirmed by the net shoreline movement envelope (Figure 81).  The 
northern end of the island has the highest total shoreline change of approximately 600 m.  The 
amount of shoreline change has a rapid reduction to approximately 300 m at 10,000 m from the 
south end of the island.  From here the amount of shoreline change has a gradual reduction to 
approximately 150 m at 2,000 m from the south end of the island.  The final 2,000 m of Smith 
Island have an increase in the amount of shoreline change from 150 to 400 m.  This is due to the 
increase in island shoreline as seen in the positive rate of shoreline change for this section in 
Figure 54.  This effect is from changes due to the proximity to Smith Island Inlet. The shoreline 
loss at this location was 175 m.  The net shoreline loss over the study period was 350 m. 
  
 
Figure 80. Annual shoreline movement rate for Smith Island – 1990 to 2014.  The dashed line is the 99.9% 




The eleven islands have previously been grouped using shoreline movement characteristics 
[Leatherman et al., 1983].  Wallops, Assawoman, Metompkin, and Cedar Islands were grouped 
together because the shorelines were retreating and the islands were not rotating.  Parramore, 
Hog, Cobb, and Wreck Islands were grouped due to apparent clock-wise or counter-clockwise 
shoreline and island rotation.  Ship Shoal, Myrtle, and Smith Islands had parallel retreating 
shorelines and no rotation.   
Using 24-year rate differences from the southern and northern half of each island, a new pattern 
of island rotation is now evident.  Subtracting the northern half average rate from the southern 
half average rate results in a net average rotation rate.  A positive result shows a clockwise 
rotation.  Table 9 is a summary of the result and a comparison of island rotation for the current 
data and the Leatherman [1983] island rotation findings.  Wallops, Assawoman, Parramore, Hog, 
and Cobb Islands are now grouped together because the shorelines were retreating and the 
islands were not rotating.  Cedar, Wreck, Myrtle, and Smith are grouped due to counter 
 
Figure 81. Total shoreline change for Smith Island – 1990 to 2014.  The amount of change is calculated by 
DSAS from the total distance of the two farthest apart shoreline positions. 
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clockwise shoreline rotation.  Metompkin and Ship Shoal Islands make up a third group due to 
clockwise shoreline rotation. 
Another method of island grouping is by changes in island length.  Islands lost net total length 
from near 0 to 21.75% (Table 10).  Two islands, Wallops and Hog, were in the near zero length 
Table 10. Net island length gain or loss from 1990 to 2014.  Total island loss is shown as positive and gain is 
shown as negative. 
 
 
Island 1990 2004 2014 Kilometers Percent
Wallops 10.65 10.52 10.57 0.1 0.75
Assawoman 5.07 5.88 4.98 0.1 1.78
Metompkin 10.48 10.55 10.1 0.4 3.63
Cedar 12.57 12.44 11.19 1.4 10.98
Parramore 13.05 12.38 12.26 0.8 6.05
Hog 12.09 12.22 12.16 -0.1 -0.58
Cobb 8.69 8.35 6.8 1.9 21.75
Wreck 6.07 5.57 5.03 1.0 17.13
Ship Shoal 3.11 2,97 2.92 0.2 6.11
Myrtle 3.67 3.17 3.06 0.6 16.62
Smith 11.51 11.49 11.15 0.4 3.13
Length (km) Change
Net Island Length Loss (+) or Gain (-)




Island Mid-point South End North End Difference Rotation Leatherman
Wallops 5700 0.5 16.0 15.5 C none
Assawoman 2400 -6.9 -4.8 2.1 none none
Metompkin 5100 1.8 -10.4 -12.2 CC none
Cedar 6300 -15.1 -15.0 0.1 none none
Parramore 6300 -14.9 -10.8 4.1 C C
Hog 6000 0.8 -1.7 -2.5 none C
Cobb 4800 -0.7 -35.9 -35.2 CC C
Wreck 3000 10.1 -14.0 -24.1 CC CC
Ship Shoal 1500 -3.1 3.4 6.5 C none
Myrtle 1800 -23.4 -52.4 -29.0 CC none
Smith 5700 -2.5 -9.9 -7.4 CC none
Virginia Barrier Island Rotation Evaluation
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(< 1%) change group.  The middle group was the greater than 1% to less than 10% length loss 
group.  Included in this group are Assawoman, Metompkin, Parramore, Ship Shoal, and Smith 
Islands.  Loses for this group ranged from 1.78 to 6.11%.  The last group includes Cedar, Cobb, 
Wreck, and Myrtle Islands.  Length loss for this group were the highest and ranged from 10.98 to 
21.75%. 
INLET WIDTH CHANGE ANALYSIS 
Using the net inlet width measurements over the 15-year inlet study period, the width of all inlets 
increased.  Five inlets had width increases more than 100 percent.  Quinby and Smith Island 
Inlets had very small net increases of five percent (Table 11).  Both inlets have had width 
fluctuation events over the 15-year inlet study period. 
The three northernmost inlets, Gargathy, Metompkin, and Wachapreague (Figures 82 to 84) 
increased in width near the end of the study period between 2009 and 2014.  The change in these 
inlets shortened Assawoman, Metompkin, Cedar, and Parramore Islands by approximately 1.9 
km. 
Table 11. Virginia barrier island inlet changes– 1999 to 2014.  Five of the ten inlet’s widths more doubled 
during the study period. 
 
 
Inlet 1999 2014 Net Change (m) Percent Change
Gargathy 251 978 727 290
Metompkin 333 490 157 47
Wachapreague 415 1322 907 219
Quinby 2026 2125 99 5
Great Machipongo 798 2743 1945 244
Sand Shoal 847 1709 862 102
New 257 489 232 90
Ship Shoal 491 780 289 59
Little 129 260 131 102




Quinby Inlet (Figure 85) has had one of the smallest net changes over the 15-year study period.  
 
 
Figure 83. Metompkin Inlet width from 1990-2014. 
 
 
Figure 82. Gargathy Inlet width from 1990-2014. 
 
Figure 84. Wachapreague Inlet width from 1990-2014. 
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The net 5% change is comparable to Smith Island Inlet at the end of the island group.  Like 
Smith Island Inlet, Quinby Inlet (Figure 85) is one of the wider inlets of the inlet group.   
Great Machipongo Inlet has increased in width by 1945 m (244%) between 2010 and 2014 
(Figure 86).  This increase is similar in extent to Gargathy and Wachapreague Inlets.  The 
increases in four of the five northernmost inlets in the final six or fewer years of the study period 
strongly indicates that a change in environmental factors such as sea level, wave height, or wave 
 
Figure 85. Quinby Inlet width from 1990-2014. 
 
 
Figure 86. Great Machipongo Inlet width from 1990-2014.   The inlet 
rapidly widened in 2010. 
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direction has occurred.  The next two inlets, Sand Shoal (Figure 87) and New Inlets (Figure 88), 
have approximately doubled in width as compared to the 1990 width.  Both inlets had a rapid 
increase in width of 862 m in 2003 for Sand Shoal Inlet and 232 m from 2002 to 2010 for New 
Inlet with large inlet width changes from 2007 to 2010.  This indicates that the increased inlet 
widening in the northern portion of the barrier islands is not occurring at the same extent at these 
two inlets.  Ship Shoal Inlet (Figure 89) has been steadily widening throughout the study period 
by 59% (289 m).  Little Inlet (Figure 90) has steadily increased in width throughout the study 
 
Figure 75 Wachapreague Inlet width from 1990-2014. 
 
 
Figure 87. Sand Shoal Inlet width from 1990-2014.  The inlet 
rapidly widened in 2005. 
 
 
Figure 88. New Inlet width from 1990 -2014. 
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period by 131 m.  This indicates that there has been a steady increase in inlet flow at both inlets.  
Smith Island (Figure 91) inlet has fluctuated between 1.9 and 2.15 km width over the 15-year 
study period.  The total change is five percent.  The rapid increase in width for seven inlets 
ocurred during four El Nino events (listed in Table 7).  During the 2002-2003 El Nino Sand 
Shoal Inlet widened.  During the 2004-2005 El Nino Quinby, Little, and Ship Shoal Inlets 
widened.  During the 2006-2007 El Nino Metompkin Inlet widened.  During the 2009-2010 El 
 
 
Figure 89. Ship Shoal Inlet width from 1990 -2014. 
 
 
Figure 90. Little Inlet width from 1990 -2014. 
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Nino Gargathy and Great Machipongo Inlets widened.  Wachapreague, New, and Smith Inlets do 
not have similar association with El Nino events.  The only association noted is for Smith Island 
Inlet and Hurricane Irene in 2011. 
INLET WIDTH EOF ANALYSIS 
The EOF analysis of the shorter inlet change record allows more detailed analysis of the 15-year 
period when inlet changes were much larger.  Analysis was done with and without trend 
removal.  The quadratic trend of the combined inlet data was removed before EOF calculations.  
The quadratic trend had an order of magnitude residual variance reduction as compared to a 
linear trend.  Trend orders above the quadratic trend had little additional reduction in residual 
variance.  Removal of the trend also caused a spread in the variance explained by the EOFs as 
seen in Table 12.   
Statistical correlation of non-detrended PC1 with the two environmental factors, sea level and 
wave height, and the three indices, AO, NAO, and MEI showed that the greatest correlations 
 
 
Figure 91. Smith Island Inlet width from 1990 -2014. 
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were for PC1 and sea level.  PC2 also correlated with sea level and waves, but the levels are 
small considering that the variance explained for PC2 is 0.04.   
The EOF eigenvalues for the non-detrended and the detrended data were compared.  For the non-
detrended data, the first EOF (Figure 92) explained 95% of the data variation.  This PC is almost 
identical to the Great Machipongo Inlet change plot due to the large change in this inlet (1.95 
km) versus changes to the other inlets.  The second EOF for this data explained 4% of the data 
variation (Figure 93).  The first four EOFs for the detrended data totaled 91%.  In addition, 
significant correlations for PC1 were for the NAO and sea level for the non-detrended data and 
 
Figure 92. PC 1 for combined data for all Virginia barrier island inlets.  Inlet width increased in 2010 for the 
inlets as a system.  This PC represents 95 percent of the combined data. 
Table 12. Fraction of variance explained by EOFs 1 to 4 for detrended inlet width data and EOFs 1 and 2 for 





1 0.49 0.95 
2 0.25 0.04 
3 0.11  




no correlations with any environmental factor or index for PC1 or 2 for the detrended data.  The 
detrended data correlated with the NAO and wave height for PC3 and the MEI for PC4.  These 
latter correlations were statistically significant but explained small fractions of the data variation.  
Due to the small levels of correlation with the detrended data, the correlation and wavelet 
analyses use the non-detrended data.   
The first two eigenvectors from the non-detrended data explain 99% of the inlet data.  
Eigenvector 1 is dominated by the inlet width change for Great Machipongo Inlet (Figure 94).  
 
Figure 93. PC 2 for combined data for all Virginia barrier island inlets.  Inlet width increased in 2005 for the 
inlets as a system.  This PC represents 4 percent of the combined data. 
 
Figure 94. Eigenvector 1 for all inlets.  Inlet locations are labeled.  Great Machipongo Inlet dominates the total 
change for all inlets. 
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The second eigenvector explains 4 percent of the variation (Figure 95) and indicates that Sand 
Shoal Inlet is the second inlet of importance for spatial change for the ten inlets. 
INLET WIDTH CHANGE CORRELATIONS 
Correlations for combined inlet data (Table 13) were evaluated at the 95% confidence level for 
PC1 and 2 of the non-detrended data.  Coefficients of determination for significant factors are 
calculated.  PC2 is included for comparison to PC1 only and is not analyzed due to the small 
amount of variance explained.  Sea level had by far the largest correlation with inlet change.  At 
Table 13. Correlations of Inlet PC1 and PC2 for sea level, wave height, AO, 
NAO, and MEI.  Sea level with PC1 had the largest correlation of all factors. 
    PC1     PC2   
Factor PVAL RHO Coef_Det PVAL RHO Coef_Det 
AO 0.3502 0.103  0.28 0.119   
NAO 0.4903 -0.076  0.818 0.024   
MEI 0.5913 -0.059  0.645 -0.051   
Waves 0.05 -0.214 0.046 0.012 -0.275 0.075 
Sea 
Level 3.98E-28 -0.879 0.773 2.16E-16 -0.75 0.563 
 
 
Figure 95. Eigenvector 2 for all inlets.  Sand Shoal Inlet dominates eigenvector 2.  Eigenvector 2 represents 4 
percent of the total variance. 
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the 95% confidence interval, sea level had a coefficient of determination of 0.773.  This is very 
large and indicates that sea level change is a major causitive factor in inlet width change.  Wave 
height was also correlated with both PCs but for a low level. 
INLET CHANGE WAVELET ANALYSIS 
Wavelet analysis of non-detrended PCs 1 and 2 were also calculated.  PC1 describes most of the 
inlet system change since it accounts for 95 percent of the combined inlet width change variance.  
The Morlet wavelet for PC1 (Figure 96) has a short-term change pattern throughout the 15-year 
data span.  This pattern is strongest for the 8 to 12-year period level on the right of the figure.  
Inlet changes after 2010 are evident as more intense and broader color patterns. 
Wavelet analysis results on PC 1 using the Ricker wavelet (Figure 97) has one large area of 
intense response which overlays the three areas of response seen in the Morlet wavelet and 
continues to the higher period range of the Ricker wavelet.  Two smaller areas of less intense 
 
Figure 96. Morlet continuous wavelet transform for PC 1 using combined data for all Virginia barrier island 




response span from 2000 to 2003 and mid-2004 to 2009.  The Morlet and Ricker analysis of PC1 
with the areas of increased intensity from left to right in both plots corresponds to the sudden 
widening of all inlets after 2004.  The high intensity of the wavelet plots after approximately 
2008-2009 indicates that the processes that initially started the inlet width increases are stronger  
Comparison of Figures 84 and 85 to the environmental factor and index wavelets (Figures 22 to 
31) shows similarities in the sea level Morlet and Ricker wavelets (Figures 29 and 30).   
  
 
Figure 97. Ricker continuous wavelet transform for PC 1 using combined data for all Virginia barrier island 






The use of the Digital Shoreline Analysis System (DSAS) extension to generate a time series of 
shoreline location is an issue that should be addressed first.  Recent use of DSAS at several 
locations worldwide illustrate a lack of temporal resolution of shoreline location interval spacing 
in the use of this ArcGIS extension to study shoreline movement.  The improvement made in this 
study is that the purpose of the current work is the generation of sufficient data to construct a 
detailed time series.  Close time spacing of images on the order of weeks to months allows the 
calculation of shoreline locations for the desired time series spacing.  Seasonal changes can be 
seen with data of this time scale.  This cannot be done with multi-year spaced shoreline data.  
The shoreline location statistics are still calculated by DSAS, but the shoreline change data allow 
intensive statistical analysis and reveals the effect of short-term changes and how they contribute 
to causative factors of shoreline change. 
Combining the shoreline location measurements from all islands into a single data matrix allows 
the evaluation of the eleven islands as a system.  The evaluation of this data matrix by EOF and 
wavelet analysis methods confirms some of the findings found for individual islands such as the 
sudden shoreline loss for Wreck Island in 2004.  This method allows the determination of how 
the island group is reacting as a system.  
Data used for these analyses was not detrended.  Calculations done both with and without 
removing trends (either linear, quadratic, or cubic) revealed that detrending removed sea level 
rise information from the data that needed to be retained for complete analysis. 
The first two EOFs (PC1 and PC2) include the changes from sea level and MEI associated 
events.  PC1 contains the long-term shoreline trend for the islands as well as a rapid shoreline 
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change in 2004-2005 possibly caused by the effect of five hurricanes in those two years.  PC2 
correlated only to MEI at 0.017.  The latter correlation and other correlations to PCs 3 and 4 are 
very small especially considering the diminishing fraction of the variance explained by these 
PCs. 
Eigenvectors 1 to 4 contain both the island shoreline location trends, and the dislocation between 
islands caused by the inlets.  This dislocation is particularly intense for the smaller islands; 
Myrtle, Ship Shoal, and Wreck. 
Wavelets analysis of the PCs for both the shoreline change and inlet width change data confirm 
the statistical correlation findings found for PCs 1 to 4.  This type of comparison is especially 
valuable for the analysis of environmental data which has multiple cause and effect factors. 
The eleven islands of the Virginia barrier islands all have shoreline loss at some location on the 
island.  Except for shoreline changes at the ends of the island, Hog Island has shown no net 
shoreline change for the study period.  All other islands have had shoreline movement to the 
west over the study period.  The three shortest barrier islands as a group, Wreck, Ship Shoal, and 
Myrtle Islands have had the maximum shoreline retreat of 1 to 1.4 km.  Wallops Island has had a 
shoreline advance of 1.4 km due to the attachment of a shoal to the northern section of the island.  
This is an exception for the eleven-island group.  Island grouping is a recurring item in the 
literature.  Types of shoreline change and changes in the grouping of islands provides detail on 
how causative factors for shoreline movement are changing.  Island shoreline change for the 
Virginia barrier islands are modified from the Leatherman [1982] shoreline movement patterns.  
The 24-year shoreline change rate for the islands now indicate parallel retreat for Wallops, 
Cedar, and Parramore Islands.  Metompkin Island is rotating clock-wise as is Ship Shoal and 
Myrtle Islands.  Assawoman, Cobb, Wreck, and Smith Islands are rotating counter-clockwise.  
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The extent of parallel shoreline retreat islands is now farther south in the island group than in 
1982 and the rotation of the southernmost islands appears to indicate a more northerly change in 
coastal wave direction.  This change is causing the islands to rotate counter-clockwise to adapt to 
the apparent change in wave direction.  The north end of all islands except Wallops and 
Assawoman Islands are losing shoreline as the southern ends of the islands are gaining.  This 
causes the islands to appear to be moving to the south as they get shorter.  This shortening 
appears in the inlet width measurements. 
The effect of large short-term loss events superimposed on the longer-term shoreline loss is key 
to this study.  The addition of rapid loss events that occur over days or weeks causes catastrophic 
shoreline and inlet loss from which the system does not recover such as the loss of the northern 
end of Wreck Island in 2004. 
As a group, the eleven islands have the highest correlation with sea level and MEI.  The 
statistical coefficient of determination for PC1 sea level variation accounts of 40.6 percent of the 
change and MEI (PC1 and 2 combined) of 13.5 percent.  MEI has no statistically significant 
correlation with sea level so the effects of the two are additive.  MEI does have a correlation to 
wave height.  Sea level change is the predominant factor affecting the shorelines for the island 
group.  Given the inexorable net rise in sea level, the shoreline loss for these islands will 
continue. 
Estimating the life of the islands is speculative due several confounding factors.  The islands are 
undergoing continuous change due to both island configuration changes, inlet dimension 
changes, and changing external factors such as sea level rise, wave height and wave direction 
changes.  Additional episodes of the 2009-2010 AMOC reduction [Bryden et al. 2014] may be El 
Niño associated and need to be accounted for in any island life estimate.  Perceived discrepancies 
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among data sources with respect to sea level measurements may also be an issue [Ezer, 2013], 
although this problem can be resolved with more scrutiny.  
One surprising finding is that it appears that the landward shore of these islands is not moving to 
the west as would normally be expected.  Although the west shorelines of the islands were not 
digitized, the images over a 24-year time span do not show the level of change that would be 
expected if the islands are migrating to the west.  The sand being lost from the ocean side of 
these islands is moving south and not across the island to the opposite shore.  While overwash 
was evident in some images, it is not occurring fast enough to cause island movement to the 
west.  The west shore of most of the islands are marsh areas which are not moving westward.  A 
second possible explanation is that any overwash is maintaining the marsh elevation on the west 
side of these islands and reducing the adverse effect sea level rise would otherwise have on them. 
A second surprising finding is that disturbances in the long-term shoreline change trend caused 
by a sudden shoreline loss or gain that do not result in the complete removal of the shoreline or 
inlet section is normally reversed within several weeks back to the pre-event shoreline change 
 
Figure 98. Wallops Island transect 15 with short-term changes and shoreline response.  The large change after 
2012 is caused by a beach replenishment project. 
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trend.  As an example, Wallops Island had shoreline change events from 1990 to 2012 (Figure 
98) that did not appear to change the gradual loss trend to 2012.  One exception is the north end 
of Wallops Island, where a very large shoaled sandbar became part of the island in mid-2004. 
Inlets as a group show substantial pressure from sea level rise.  Correlation analysis of the first 
principal component had a 0.773 coefficient of determination (r2) for sea level.  This PC also 
explained 95% of the combined dataset variance.  This strongly suggests that continuing sea 
level rise will cause inlet widening for the barrier island group. The cause of this widening was 
not investigated as part of this research.  Short-term changes to the Barra Nova Inlet in Portugal 
[Morris et al., 2001] appear to show the shorter-term inlet changes seen in this study. 
A final surprise is the finding that events in 2004-2005 and 2009-2010 had major effects on 
island shorelines.  For the 2004-2005 period, Wallops Island had an attachment of a large 
sandbar near the north end of the island.  Assawoman Island at transect 3 began a long-term 
westward shoreline shift.  Cobb Island at transect 18 began a westward shoreline shift.  Wreck 
Island had a sudden eastward shoreline shift of between 800 to 250 m and began an eastward 
shoreline movement of 200 m.  Ship Shoal Island began a 200-m westward shoreline shift and 
had sudden eastward shoreline movements of 850 to 200 m.  PC1 had an approximately one-year 
period of shoreline loss and recovery.  All these changes are combined in PC1 for 2004-2005.  
For the 2009 to 2010 interval, the changes were not as pronounced.   Cobb Island began a period 
of westward shoreline movement of approximately 175 m.  Five of the ten barrier island inlets 
widened rapidly starting in 2009 and for the most part have remained wider.   
The islands and inlets of the Delmarva Peninsula are under substantial adverse pressure 
predominantly from sea level change.  Sea level is correlated with both shoreline change and 
inlet widening.  The continuing rise in sea level implies that both processes will continue their 
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increasing and adverse trends.  Other factors correlated with shoreline change (MEI and NAO) 
are also important because they are episodic events which add to the effect of sea level rise due 
to the weather pattern changes associated with El Nino and North Atlantic storms.  
The fact that the inlets are remaining at the wider dimensions indicates that factors that caused 
the inlets to widen are not transitory in nature and are keeping them from returning to the 
previous narrower widths.  An additional effect of the wider inlets is that larger waves caused by 
offshore storms can pass into the backshore wetlands and lagoons formerly protected by the 






The first research question stated at the beginning of this dissertation concerned the efficacy of 
using LANDSAT 5, 7, and 8 images to construct a useable time series of shore movement for the 
Virginia Barrier Islands.  The technique yields data on shoreline movement in sufficient detail to 
allow the determination of the effect processes such as sea level rise and wave have on island 
shoreline and inlets.  Using PC1 as an example, there is a surprising level of detail in the result.  
In some cases, annual cycles in shoreline movement can be seen.  Shoreline changes due to 
environmental events are sufficiently distinct to allow visual and statistical correlations.  The 
effect of sea level and wave height increases are adversely affecting both the shorelines of these 
islands and inlets. 
The eleven islands have patterns of correlation of shoreline location with sea level change and 
the MEI.  The major correlation for the combined data set was with sea level.  This correlation 
indicates that sea level rise will continue to be the major factor affecting the ocean shoreline of 
the barrier island system.  Hog Island is the exception to the findings.  The island is not rotating 
and the shoreline that is 600 to 900m from each end has not had a net shoreline location change 
during the 24-year study. 
The location of island shorelines and the islands themselves over the study period was readily 
determined from the images imported into and digitized using ArcGIS.  Changes in island length 
sometimes occurred over a period of several months.  The close temporal spacing of the images 




More than 71% of shoreline location on all eleven islands is explained by two EOFs.  The first 
EOF is correlated with all indices and environmental factors.  The sea level had the largest 
correlation at r=0.64, MEI was second at r=0.34, and NAO was third at r=-0.21.  For EOF 2, 
MEI correlated with r=-0.13. 
While inlet changes were not a primary objective of this study, the large changes to the ten inlets 
were measured.  These changes appear to suggest that the changes which have caused the large 
scale widening seen in this study do not appear to be temporary.  Sea level is the main 
environmental factor that correlates to inlet widening.  The formation of new inlets did not occur.  
This presumably was due to the extent of widening of the existing inlets. 
Island length can be readily determined over the 24-year study period and except for Hog Island, 
the length of the islands is becoming shorter as the inlets widen.  This change allows higher 
waves to reach areas formerly protected by the barrier islands and accelerates backshore wetland 
area loss. 
As with any measurements obtained by remote sensing, measurements from the media itself as 
well as scene registration are important issues to recognize and determine if possible.  The effect 
of these sources of error are reduced by the large number of measurements used.  The large 
location changes along the Virginia barrier islands tend to reduce the overall effect of these 
errors. 
The extent and shortened time span of the changes to these islands appears to be resulting in a 
process in which the steady shoreline loss process decreases the ability of parts of the island 
group to recover from a change in wave and sea level events such as those in 2004-2005 and to a 
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